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SYNOPSIS 


111 order to anderstand the role of such atomistic 

processes as diffusicnai flow of vacancies, grain boundary 

sliding and dislocatioAi climb and glide, during the defor- 

mation of superplastic alloys, under the temperature and 

strain rate ranges where superplasticity is exhibited, a 

detailed investigation has been undertaken on Zinc -Aluminium 

(22wfo Al) eutectcid alloy. The part played by each of these 

processes in the deformation of Zn-Al eutectoid is not 

clecLTly understood since there have been some serious 

1-5 

c ontr adic tions in the experimental observations reported 
in tne literature regarding stress (X) - strain rate ( "/ ) 
relationship , grain size influence on "C ( ^ ) activation 

energies involved in the deferment ion over various strain- 
rate ranges. 

Very fine grained structure ^ necessary 

concomitant for the superpl astic ity - has been obtained by 
quenching hot rolled samples fro:T 375'^C to O^C. Variation 
in grain size, from 1.8 to has been achieved by 

annealing treatment given to the quenched samples at 265^0 
for various periods. 



Experimental data on stress-strain rate has been 

8 

obtained, covering a strain-rate range of 10 ^ to 1 per 

second (-^8 cycles), at about 250°C ( C .68 Tm) . Creep tests 

have been performed to obtain data at very low strain rates 
-8 -4 

viz * , 10 to 10 per second* xnstron tests have been 

used to obtained data covering strain rate range of 10 to 
1 per second. Shear test specimens have been used to avoid 
any coiiiplications due to change in the specimen cross- 
section and strain rate with increasing strain during the 
def ormation , 

From the log ) vs log ( C ) plots for various 
grain sizes, three regions (l, II and 111 ) have been clearly 
delineated in the particular alloy. Region I is charac- 
terised by a slope of ^--1 , region II by a slope of ^2 and 
region III by a slope of ^3 *5- The extent of each region 
varies with the grain size. The grain size dependence of 
strain rate in region 1 is 3 5 region II is 2 and nearly 
independent in the region III. 

Activation energies obtained from the plots of log (V ) 
vs (“:^) for various regions indicate a value of -^ 16.2 Ecal/ 
mole for region 1,^16.27 Kcal/mole for the region II and 
^ 27.43 Kcal/mole for the region III. 

The activation energy in region I compares favourably 



with the activation energy value for grairx boundary self 
diffusion of Zn • Also the ^ { ^) data and grain size 
dependence of strain rate compares very well with the 
tneoretical predictions by Coble^ creep model. It is, 
therefore s concluded that Coble mechanism, involving 
diffusional flow of matter via grain boundaries is the 
controlling mecnanism in the region I. Consistent with 
the mechanism^ at small strains, very little micro-- 
structural changes have been observed. 

In the region II, grain boundary sliding mechanism 
has been proposed as the rate controlling process accom- 
panied by dislocation climb as a process of acc oomodation . 

This conclusion has been based on the fact that trie present 

5 

data is best explained by an existing model incorpor at ing 
grain boundary sliding as a controlling process aided by 
grain boundary diffusion controlled dislocation climb. 
Rounding off of grain corners and equiaxed grain structure 
has been observed microscopically which is consistent with 
the model . 

The region III is controlled by viscous glide motion 

7 

of dislocation, as proposed by Weertman . This conciusion 
is based on the observed strain rate dependence of 3 • 5 
stress, and the activation energy close to the volume self 
diffusion energy of zinc. The micro structural changes 
involving grain elongation have been observed and it is 
consistent with the controlling mechanism. 



CHAPTER 


1 


INTROIXJCTION 


Studies on mechanical behaviour of metals at high 
ten^eratur es are important Prom the standpoint of their 
applicability and formability- The former is usually 
measured in terms of creep resistance and the latter in 
terms of ductility elongation) . Besides these macro- 
scopic aspects there is a microscopic aspect to these 
studies, namely, the atomistic mechanisms controlling the 
deformation behaviour. Under standing the atomistic mechanisms 
is a problem of fundamental importance. 

A group of two-phase and a few single -phase alloys 
have been found to possess remarkable ductility over certain 
strain rates and at high temperatures (^0*5 Tm) . The unique 
ability of these materials to deform plastically with fluid 
like character of hot polymers and glasses has earned them 
a name ^ superplastic ’ materials. In solid crystalline 
materials this is a relatively rare phenomenon. The unusual 
ductility effects were noted^ as far back as in 19^0 but 
only in recent five to six years large number of investiga- 
tions have been carried out with a specific purpose of knowing 
the important factors controlling the superplastic behaviour 



and to commercxally exploit the property. To a small group 
of two or three alloys, now, are added as many as 35 (see 
Appendix I) different alloys including both single and two- 
phase alloys. Two-phase Z inc -Aluminium eutectoid is one 
of the prominent superplastic alloys. 

It is now commonly accepted that superplasticity in 
Zn-Al eutectoid and similar other superplastic alloys is 
closely associated with the aggregates of extremely small 
(of the order of 1 to lOyU<m) size. There is a certain range 
of strain rates over which only, the behaviour is noticeable 
The micro-structure, unlike in other cases, does not alter 
bu t remains equ iaxed ♦ 

phenomenologically , superplastic behaviour is shown^ 
to be a direct consequence of high strain rate sensitivity 
of these fine grained materials at temperatures greater than 
approximately 0.5 Tm, where Tr: is absolute melting tempera- 
ture. In an equation, CT = K£^, wnere ^ is tensile stress 
£ is tensile strain rate and K and m are constants, the 
strain rate sensitivity index assumes values ^C.5 

the superplastic behaviour . In the usual plastic behaviour 
at temperatures above 0.5 Tm the value of m lies below 0.2, 


In spite of the large number of studies, it is not 



yet cleajr, however, which atomistic mechanisms predominate 
in these materials under superplastic conditions. Many 
well established high tenperature mechanisms, namely, 
stress directed vacancy ilow, grain boundary sliding (GBS) , 
dynamic recovery, have been invoked to explain the behaviour 
but none of them has been accepted universally. There are 
conriicting claims as to the part played by each of the 
established basic mechanisms. Further exper imentation is 
needed in tnat coniiection. 

In order that definitive conclusions regarding 
mechanism could be drawn there is a need to obtain accurate 
data on the stress dependence of strain rates over a wide 
range of values. Different strain rate regions could then 
be delineated depending upon the slopes (m values) on the 
log-log plot of stress vs strain rates over various strain- 
rate ranges. The stress-strain rate dependence in various 
regions could then be compared with those given by different 
well established atomistic theories. Further, since the 
high temperature behaviour is thermally activated, activa- 
tion energies need to be determined accurately and 
compared with those of the existing mechanisms such as 
volume diffusion, grain boundary diffusion etc. Finally, 



metallog'raphic observations should be consistent with the 
proposed mechanisms, 

Z inc- Aluminium eutectoid is one of the most studied 

amongst the two-phase alloys. On close scrutiny of the 

2 6 

existing data ^ on the systeai, it is revealed that there 
are conflicting claims regarding the dependence of ^ 

OFx strain rate. Some workers have shown that varies 

continuously with strain rate. It attains a peak value 
of 0,5 some intermediate strain rate and tapers off 
to lower values on both the sides of the peak (Figure 1), 
Whereas , some have shown that ^ m’ consistently approaches 
a specific value ( 0*5) over a considerable range (2-3 
orders) of strain rate (Figure 2) indicating predominance 
of one single mechanism over a large strain rate. Further 
the data on stress-strain rate at very low strain rates 
is very scanty and unreal iablc because of ambiguities in 
the experimental procedures. This adds to the difficulty 
of evalu ating the mechanisms . 

The activation energies for deformation are not 
well established in Zn-Al eutectoid. The reported values 
fall into two groups, one where same value is observed 
as in conventional creep by dislocation climb (activation 



energy for lattice seif diffusion) , the other where the 
value is lower and can be identified with grain boundary 
self diffusion. 

The analysis presented in the literature is not 

clear as to the degree of grain size dependence of strain 

rate at constant stress and temperature,. The dependence 
- 0 * 7-2 

varies from d to d . There are exper imental dif f i- 

culties in determining »d’ and its exact meaning for two-* 
phase materials^ 

In the reanalysis of the Z inc -Aluminium data by 

7 

Bird, Mukherjee and Dorn (Figure 3) in the context of 
their review on correlation between high temperature 
creep behaviour and structure they have indicated a 
definite possibility of coble creep -mechanism predomina- 
ting at lower stress levels in the system. They do not 
envision superplastic behaviour as a transition region 
controlled by two or more mecnanisms out a distinct 
region with a ’m’ value of *^0.5* These conclusions are 
drawn by comparison of the superplastic behaviour with 
the existing creep theories. 

The present work on Zn-Al eutectoid has thus 
originated in (i) the conflicting claims regarding the 



temperature, grain size and stress dependence of strain 

rates, (ii) the lack of unambiguous data below strain 

rate of 10~ per min, and (iii) the reanalysis of the 

_ 7 

Zn-Al data by Bird, tokherjee and liorn . 

The objectives of the investigation were: 

1 To obtain extensive stree-strain rate data from very 
low to fairly high strain rates using constant stress 
creep tests for lower strain rates and instron tests 
for the higher ones, 

2. Double shear specimen were to be used to overcome the 
probable errors introduced by nonuniform deformation 
in the compression creep tests and changing cross- 
section in tensile creep tests. 

3. To determine activation energies in the various strain 
rate regions. 

4. To determine accurately the grain size dependence of 
stress- strain rate relationship. 

To note the metallographic ctianges over various regions 
of str ess-stra in rates. 

6, Finally, to correlate the data in terms of the various 
theoretical models proposed for steady state deforma- 
tion at high temperatures and propose modification, if ^y. 



CEM Tm - 2 


MECBANICAL BEHAVIOUR OF METALS AT HIGH TEMPERATURES 


Mechanical hehavicur oT metals at elevated 
temperatures is controlled primarily by thermally 
activated processes* That is, the strength and 
ductility of metals at such high temperatures are 
strongly dependent on strain rate and temperature. 

Str aiii-hardening is eliminated at these temperatures 
because recovery processes predominate ard. the behaviour 
of the metals is characterized by its ’creeps strength or 
resistance. It is, therefore, relevant for the present 
work to understand some basic aspects of creep of metals. 

Cx'eep behaviour of materials is described by a 
creep test. In this test a constant load or a constant 
stress is applied and the change in material dimensions 
is recorded as a function of time. Two important variable 
influencing creep behaviour are temperature and stress. 
Such other variables as structure, elastic modulus and 
stacking fault energy also influence the behaviour. 

2.1 CREEP OF PURE METALS 


A typical high temperature creep curve shows 




called *flowability ’ ) against the reciprocal of the absolote 


teuiperator e , he pointed out that one obtains at constant 

/\ 

stress, a rie,^ative slope equal to — ^ — vfhere jAH represents 
a value for the energy of steady state creep and R is 
the gas constant. according to Kanter 


A li 

inv^; = - 


( 2 . 1 ) 


where is tne flowabiiity at temperature T and f^ 

is a constant . He derived a mathematical expression 

which is identical to an empirical relation proposed by 
9 

Dorn 5 namely, 


C. = exp 

where is a constant and n is stress exponent, 


( 2 . 2 ) 


The early identification of creep as a thermally 

10 

activated process led Eauzmann and Dushman et al « to 
apply the principles of reaction rate theory to the 
analysis of creep data. According to them creep rate is 
given by 

% 

B = ATexp (- sin h (^) (2.3) 


where A is an independent constant and X = X(«r), a 
function of applied stress. 



In terms of the characteristics temperature depen- 
dence of the experimental observations and from the 
theoretical work supporting these evidences, the creep 
deformation has been shown to be the result of one or more 
thermally activated atomic mechanisms. For a given 

thermally activated mechanism of creep, the steady state 
♦ 

creep rate t: , is represented in the most general form as 


E = (r , T, S, s) exp I - AHi T,3) | 


( 2 . 4 ) 


where is the pr e-exp onen tial factor frequently called 
the frequency factor which is, in general, a function of 
the applied stress ) , test temperature (T) , entropy (S) 
and structure factor (s); ^ Hi is the activation energy for 

that particular mechanism which could be a function of the 
stress, temperature and structure. 


It is possible that more than one mechanism gives 
rise to the experimentally observed overall deformation 
rate* In such multimechanism cases many may be 

involved so that experimentally a weighted average value 
may be obtained* 


SIRESS. DEPEMDEhCE OF STEABY-STATE CREEP RATE , 

9 

Dorn suggested that the stress dependence of the 


2.3 



creep rate may be identified by the equation, 


£ = A' (3,s) f(<r) exp J- ? (2*5) 

where .4^ is now independent of stress and temperature 
and that activation energy is not a function of stress 
and temperature. The above equation has been shown to 
successfully represent the creep behaviour of many metals 
over wide ranges of temperature and applied stress. The 
stress function f(iS^) seems to take the following formSj 
depending upon the stress level. 

1 i zz ^ at low stresses 

2. f(<r') = <5^^ intermediate stresses 

3. f(6*") = exp (B^) at high stresses. 

The stress dependence of intermediate and high 
stress can be replaced by single stress law of the general 
form 

f(^) = sin h (2.6) 

12 

Garofalo proposed a similar empirical relation- 
ship defining the stress dependence of the steady- state 
creep rate in metals. According tc him 


£ = A (sin ho((5-)^ 


(2.7) 



wliere cX' = “ so that 

ri 

at low stresses c ^ (2.^8) 

at high stresses £ exp (-35^) (2*9) 


1 3 

It has been shown by Sherby in his comprehensive 
article on the factors affecting the high tetuperature 
strength of poly crystalline solids that the general 
expression for creep of pure metals might be given by 

B = S’l^ D (2.10) 

where L is the grain diameter in cm, S' is a universal 

29 

constant for all pure metals with a value of about 10 
-4 2 

cm s D is the diffusion coefficient in cm /sec and E 
is the Young^s modulus of the material. Here the modulus 
compensated stress seems to be a more fundamental parameter 
than simple stress. 


7 

In a recent survey by Bird, Mukher jee and Dorn , 
it has been shown that many aspects of high temperature 
steady state creep at -rioderate stresses can be correlated 
by semiempir ical equation. 


g kT 
DGb 



( 2 . 11 ) 


where Ac and n are dimensionless quantities (constants), 

k is the Boltzmanns constant , D is the diffusivity 



(equal to Do exp - ) • G is the sheax niodulus of the 

JK. X 

material and b is burger vs vector* 



2 .k EXPERKEKTiUL. OBSERVATIONS GF ACTIVATION ENERGIES 

FCil CREEP OF METALS 

Determination of the activation energies for 

deformation to identify the underlying rate controlling 

mechanism has been extensively used in recent times. All 

l4 

activation energy data was compiled by Dorn , Sherby 
e t al « ^ ^ , Conrad^^, and by Garofalo^^ . These include the 
data for the deformation behaviour over the whole range 
of temperatures* These compilations show that at tempera- 
tures above about naif the melting point expressed in 
absolute units and under moderate stresses (not too high) , 
many materials exhibit apparent activation energies for 
steady state creep nearly equal to that for self diffusion. 
These activation energies are called * apparent activation 
* by Dorn because it will^ be possible to measure 


energies 



the true activation energies for deformation at high 
temperatures until exact mechanism is known. Neverthe- 
less, since the results indicate no significant difference 
between these values and those for self diffusion, these 
apparent activation energies appr oxiiiiate to the true 
activation energies for the deformation. 

2.5 DETERMINAriCN ACTIVATICN ENERGY FOR DEFORMATION 

It has been shown before that the creep behaviour 
of a metal can be described implicitly by a rate equation 
of the form 

£ = A (Sr , T, S, s) exp - -- T’-b . (2.13) 

If a single mechanism controls the overall creep rate, the 
activation energy for creep by that mechanism is given by 

(■ 1 \ 

V T/ 

the pre^ exponential factor (A) being regarded as independent 
of the temperature. This assumption is permissible since 
A has a very weak temperature dependence. 

Experimental techniques leading to determinat ion 
of the observed activation energies are given in 
Appendix lil . 



2.6 


MECELAl^aCAL STABILITY HJxlING CREjBP DEFC31KATIGN 


A ductile material when stretched by a tensile 
force can deform uniformly only while stable flow occurs. 

The limit of stable flow is marked by the onset of 
geometrical instability. That is, after a certain uniform 
extension, deformation suddenly concentrates at a given 
point and ceases elsewhere. Such instability produces 
the commonly observed regions of localized deformation 
^necks) which eventually lead to rupture. The necking 
prienomenon occurs irrespective of temperature but the 
controlling factors differ with temperature. At temperature 
below 0*3 Tm instability^ occurs when the material has 
exhausted its capacity for strain hardening and the true 
strain S at this point is shown (Appendix III) to be 
numerically equal to the strain hardening index N, defined 
in the expression 

(2.15) 

where g— is the stress and is a constant. For further 

stable extension, the material inust be unloaded and then 
softened, thus restoring the ability to strain harden 
again on re-applying the load. 



If a material does not strain harden there is no 


aniform elongation, yet at temperatures above half the 
melting point, where strain hardening effects are less 
significant, materials often exhibit a considerable range 
of uniform deformation and sometimes quite high elonga- 
tions result- In these circumstances, therefore, some 
factor other than strain hardening must control the 

ability to flow in a stable manner. Above 0*5 Tm, where 

1 7 

equilibrium between recovery and hardening exhists the 
important parameter is strain rate sensitivity (S.R.S.) 
and this replaces the strain hardening index N which is 
the controlling factor at low temperatures. The magnitude 
of the SRS is of considerable importance in most cases of 
superplastic def ormation . 

1 8 

Rossard’ s treatment of meciianical stability 
during creep deformation assumes that a mechanical 
equation of state exists with the form 

(2.16) 

♦ 

where g is the strain rate and m is the index of S.R.S. 
Assuming N constant, Rossard showed theoretically that 
stable flow is possible provided m ^ Y for constant 



velocity testing and 12 ]^l/3 ^or constant strain rate 

testing. In creep terminology this means that the stress 

exponent should not be y 2 for stable deformation. A 

1 9 

more rigorous analysis due to Hart confirms these 
conclusions. 



CHAPTER - 3 


EiGK TEMPERATURE DEFORMATIOM MECHANISMS 


Ttiere are many well established high teiiiperatare 
structural mechanisms proposed in the context oT high 
temperature steady state creep phenomenon and hot working 
processes. Some of them have been invoked to explain the 
superpiastic behaviour by various workers. It is, therefore, 
pertinent to know details about the relevant mechanisms. 

These meahanisms could be classified into two 
groups? (i) those operative at low stresses and { ii) those 
operative at high stresses. Diffusion plays an important 
role in most of them. 

The various low stress high temperature diffusion 
controlled mechanisms that have been identified are; 

Atomic transport processes ; (l) Nabarr o-herring 

mechanism 

(2) Coble mechanism 
Dislocation-motion cased processes; 


(1) Climb mechanism 

(2) Viscous glide mechanism 




Grain -boundary sliding mechanisms : 

(1) Gifkin's model 

(2) Langdon^s model 

The various high stress mechanisms that have been 
iden t if ied ar e ; 

Dynamic Recovery process 

Dynamic Recrystallization process. 

3*'^ ATOMIC IRANSPGRT PROCESSES 

At sufficiently high temperatures and low 

stresses crystalline solids can deform at a significant rate 
by atomic transport processes. This phenomenon is possible 
because there exists, in real crystalline materials, 
locations where atoms can oe added to, or removed from, 
the crystal lattice. ¥hen the material is stress free, 
and in equilibrium, the chemical potentials at these sinks 
and sources are everywhere the same, but on application of 
a stress, providing that is not purely hydrostatic, chemical 
differences arise. These provide a driving force for 
diffusion between sources and sinks, and the resultant 
transport of matter changes the shape of the material 
in response to the deforming forces. The sources and 
sinks for atoms may be free surfaces, grain boundaries 



or dislocations 5 while difiusion paths may be through the 
lattice, through a vapor pnase, along a free surface, along 
grain boundaries or along dislocation cores. 


3.1.1 Nabarr o ^Herring Creep Mechanism' 


20,21 


Nabarro -her ring postulated that the creep results 
from the diffusion of vacancies from the regions of high 
chemical potential at grain boundaries subjected to normal 
tensile stresses to regions of lower chemical potential 
wnere the average tensile stresses across the grain 
boundctries are zero (Figure 5 ) • Atoms migrating in the 
opposite direction through the lattice account for the 
creep strain. ¥hen the volume diffusion controls the 
steady state tensile creep rate, , is given by 




(3.n 


where b is the burger’s vector, 6 ^^ is the applied stress, 
d is the mean grain diametci" and kT is the Boltzmann 
constant times the absolute temperature. is a constant. 

The diffusivity is obtained from the tracer diffusivity 

D* • For pure metals 



( 3 . 2 ) 



and for binarv solution 




* * 






( 3 . 3 ) 


where N* and N., are the atomic fractions of A and 
A 13 

B atoms, and f is the correlation factor. The dimen- 
sionless constant A^ depends insensitively on the 
geometry of grains, but is generally estimated to have 
a value from 8 to 5- 


Nabarro creep does not invoke the motion of dislo- 
cation, It prodomincites over high temperature dislocation 
dependent mechanisrns only at low stress levels and then, 
only for fine grained materials. 


In order to provide a ready comparison of Nabarro 
creep with other mechanisms to be discussed later, the 
equation (3*'^) is reformulated as 


lisl _ ^ 

D^Gb “ n d ^ G ^ 


( 3 .^) 


where G is the shear modulus of elasticity. 

22 

3*1.2 Coble Creep Mechanism 

Coble creep results from the diffusion of vacancies 
from regions of high chemical potential at grain boundaries 



subjected to normal tensile stresses to regions of lo^wer 
chei!!ical potential where average tensile stress across 
the grain boundaries is zero. Atoms migrate via grain 
boundaries instead of migrating through the lattice as 
in the case of Nabarro creep. The creep is given by an 
expression similar to that for Nabarro creep except for 
the grain size dependerce. The equation as reformulated is 


£ 


kT 


D , Gb 
go 


= (1)^ (f)' 


( 3 . 5 ) 


where is the grain boundary diffusivity and is 

a constant which depends insensitively on the geometry of 

7 

grains and estimated^ tc have value of 48. 


The grain boundary diffusion mechanism should 
predominate over volume diffusion when 

D 


(-X) (^)> 7 


(3.6) 


3 i 1 • 3 General Kemarks on Atomic Transport pr ocesses 

A number of experiments confirming N— R creep by 

2 3 

volume diffusion has been reported (Pranatis and Pound , 
24 2 5 

Greenough , Hondros ). Until recently, the diffusional 
flow processes were considered to be of only academic 
interest, being confined to temperatures within a few 



degrees of the melting point. However, there are two 


effects which extend the range to temperatures of 
engineering application. First, a dispersion of second 
pnase particles can so inhibit dislocation movement that 
lattice diffusion creep becomes the dominant deformation 
mode at least down to 0.7 Secondly, the occurrence 

of grain boundary diffusion can produce viscous flow in 

2 ^ 

fine grained materials at temperatures ^Q.6 Tuj. Jones 

27 

has reported Coble creep in Mg and Bernstein has 

reported it in Zr . It has oeen reported in several 

^ 28 

ceraniic oxides too 

In recent years, it has been shown through detailed 
2 9 30 

analysis by Liftshitz ^ and later by Gibbs that for 
coherent deformation of polycrystalline aggregates by 
pure diffusional flow of atoms, grain boundary sliding is 
an essential concofflitant. This follows from the following 
arguFiients. If any arbitrary region of a polycrystalline 
aggregate is capable of undergoing a general shape change, 
the local strain tensor must hvive six independent 
components. A constant volume boundary condition reduces 
this number to five. Diffusion can given five independent 
strain components for an individual grain, but acting 
alone it would lead to discontinuit ies in the strain^ tensor 



at grain boundary triple points. birfusion creep of a 
polycry stailine ag:gregate, therefore, requ.ires simulta- 
neous operation of some other accommodation process to 
maintain coherency. Since dislocation slip cannot occur 
at such stress levels, grain boundary sliding must occur 
to preserve the continuity (sliding which occurs solely 
for this reason does not contribute additional specimen 
extension). If, for some reason, grain boundary sliding 
is impossible 5 tnen the raterial can deform only by 
diffusion current between free surfaces. The creep rates, 
in that case, would oe extremely small. 

In 1 963 5 Harris et al . ^ , contrary to earlier belief, 
observed inhibition of diffusional creep by second phase 
particles. Two possiDle reasons are suggested for this 
phenomenon: (i) the prevention of necessary grain boundary 
sliding due to a layer of second phase particle accumulating 
at the grain boundaries, or (ii) the lowering of the effi- 
ciency of vacancy generation or absorption by the second 
phase particles. 

32 

Gibbs has argued that, if particles can inhibit 
sliding sufficiently, it may become tne rate controlling 
process. However, this should give d~^ dependence of 



( 3 . 7 ) 


jkr _ , 

D Gb ”■ ""c ^ 

V 

where, A^. aii.d n are dimensionless quantities and the 

diffuszvity is given by equations (3*^) (3*3) » 

n generally ra.ages in value Trom 4.2 to 7* A is 

c 

6 

estimated to oe approximately 2.5 x 10 . 


3.2.2 Dislocation Glide Controlled Creep 

35 • 

Weertman proposed a creep mechanism for solxd 

solution alloys based on the following dislocation model. 

Dislocation loops are assumed to be created at Frank-Read 

sources. They move out from a source at a velocity 

controlled by either micro-creep mechanism or Pierls 

stress mechanism. After moving a distance L the 

dislocation are annihilated by climbing to dislocations 

of opposite sign which are created from sources on 

neighbouring slip planes. The time required for climb 

is assumed to be so snort that the climb process is not 

rate controlling , The steady state creep rate for low 

stresses is given by 


where 
be 5 X 


D^Gb ■ \ ) 

n takes values from 3 to 3.5. 


( 3 . 8 ) 

a' is estimated to 

g 



3.3 


GRAIN-BOUNDAHY SLIDING 


Observations have established that three distinctly 
differeiit types of grain boundary sliding occur* When 
sliding is limited to submicr oscopic regions of a boundary 
as in damping capacity-experiments, one kind of behaviour 
is observed. When sliding occurs over a relatively long 
length of boundary but is unconstrained by adjacent grains 
as in bicrystals, another type of behaviour results. Yet 
a third type is obtained when sliding occurs in poly- 
crystalline aggregates, where continuity conditions exert 
considerable control over the sliding process. 


Damping capacity experiments 
microscopic grain boundary sliding 
viscosity flow 


show^^ that 1 oc al 
obeys a Newtonian 


\ ( 3 . 9 ) 

such that increases linearly with ^ and has an 

activation energy whicii equals that for volume 

diffusion. 

In contrast, grain boundary sliding and grain 
boundary zone sliding in bicrystals may give sliding 



3.3 


GRAIN -BOUNDARY SLIDING 


Observations bave establislied that three distinctly 
different types of grain boundary sliding occur. When 
sliding is limited to submicr oscopic regions of a boundary, 
as in damping capacity-experiments, one kind of behaviour 
is observed. ¥hen sliding occurs over a relatively long 
length of boundary but is unc onstrained by adjacent grains, 
as in bicrystals, another type of behaviour results. Yet 
a third type is obtained when sliding occurs in poly- 
crystalline aggregates, where continuity conditions exert 
considerable control over the sliding process* 


Damp ing c ap ac i t y exp er i men t s 
microscopic grain boundary sliding 
viscosity flow 


36 

show that local 
obeys a Newtonian 


\ if) (^-5) 

such that increases linearly with ^ and has an 

activation energy which equals that for volume 

diffusion. 


In contrast, grain boundary sliding and grain 

boundary zone sliding in bicrystals may give sliding 

7 

rate 



¥b = exp (- ^) (3.10) 

where the stress squared term arises from stress concen- 
trations and activation energy for grain 

boundary diffusion* 

The velocities of shear displacement are yet 
orders of magnitude lower in polycrystalline aggregates 
than across grain boundaries in bicrystals. Obviously, 
additional constraints to grain boundary sliding are 
encounter od in polycry stall ine aggregates. These arise 
principally from the need to maintain continuity over 
boundary rough srjots a.nd at triple points. 

3 . 3 .^ Gifkin^s Model 

37 

Gif kin and Snowden proposed a diffusion controlled 
mechaxiisii; for GBS creep, based on the movement of double 
ledges or protrusions along boundary. The suggestion is 
that the sliding along the interledge section of the 
boundary is permitted to occur at the rate at which 
longest protrusion (see Figure 7) moves by diffusion of 
atoms from one protrusion to the other. The driving 
force for the diffusion arises from stress concentrated 
cm. the ledge sliding between them. The strain rate is 


given by 



( 3 . 11 ) 


D ^Gb “ '■ ^ G ^ d ’ 

gb 

f 

wiiere o( is a geometrical constant, approximately equal 

to is the atcmic volume, d is the length of the 

38 

protrusion. Gifkin has modified the above expression 


to take care of the triple point accommodation. The 


strain rate expression is 


05 = (-T)’ 

gb 


( 3 . 12 ) 


where 03 is grain boundary ii^idth and d is grain diameter. 


3*3 *2 Langdon^ s Model 

Using transmission electron microscopy, it has been 
shown that there are only a few isolated dislocations in, 
or immediately adjacent to, the grain boundaries of an 
annealed but unstrained polycrystal, but that the 
dislocation content increases rapidly with increasing 
strain (Hale, Ishida, Lin, McLean, 1966 )^^. It is not 
immediately clear whether these dislocations come into 
the boundaries from the lattice or are formed in the 
boundary and thence niove into the grains; whilst both 
processes probably occur, present evidence suggests 
that they primarily originate within the grains and 



I|. Q 

enter the bourdary region by slip (Lin and McLean, 1908) 


Such dislocations appear to retain their crystal- 
lographic Burgeis vectors and sliding is, therefore, 
possible if they move along the bcxandary by alternate 
climb and g'lide (isiiida and Henderson, Brown, I967) so 
that shear displaceiiient arises from the component of the 

Burgers vector parallel to rhe boundary. Basing his 

42 

arguments on these observations, Laa:^gden has put forth 
a model for creep by GBS. He assumes that GBS is 
controlled by the rate of climb of dislocations visualized 
as one of the steps in the process. The strain rate is 
given by 


Cl - 


B 


2 2 
b gr 

dGkT 


D 


(3.13) 


where ^ is a constant close to unity. In the reformulated 
form the expression is 


SkT _ . .^,2 1 

D Gb " gb G ^ d •' 

V ^ 


( 3 . 1 ^) 


where A’ is a constant, 
gb 


3 * 3 -3 General Remarks on GBS 

43 

Gibbs has argued that GBS would never control 
deformation at very low stresses. At higher stresses 



wliere dislocaticn motion predominates over diff usional 
riuXj GBS cor Id control the deformation if the crystal 
structure offers less than five independent slip systems 
as in case of close packed hexagonal strndture. GBS 
alone can provide only two independent strain components 
( in th e pi ane of th e b oundar y ) in the 1 oc al iz ed r eg ions • 
It must, therefore, always be accompanied by other 
def ormation processes within the grain* 


3 A DYNAMIC RECOVERY AND RECRYSTALLIZATION 

When strain free grains are produced by recovery/ 
recrystallization all signs of prior hardening are 
removed and ductility is restored* Thus, by careful 
cold working, with sufficient intermediate anneals, it 
is possible to produce extensive stable deformation. 

It would appear reasonable, therefore, to invoke a 
continuous version of such a process, i,e., deformation 
with simultaneous annealing to account for superplasticity. 

kh 45 

Cottrell and Aytekin and Mott introduced a 
creep theory incorporating both work hardening and 
recovery. The theory is often called * recovery theory’. 

In the proposal, it is assumed that steady state occurs 
when the rate ’r’ of thermal recovery - = 0 
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equals the rate of hardening ( ^Cyat) r = 0 where 
is the interrial shear stress (due to working) . Xf the 
rate cf recovery is given by 


(— 1“> y = o = - o*p 


where and q are <>onstants, is shear strain rate, 

^ is equivalent to the mean internal stress or the 
yield stress, and the rate cf hardening is given by 


(^) 

^ t ^ r = o 


dV 

O'# 


dt 


r= o 


d# , ^ ( ± ^ 

dt ~ ^ t ^ #= o 


then for steady state 




exp 




qf ) 


RT 


(3.16) 


an equivalent expression for tensile strain rate would be 


A’ 

d 


r“ 
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^ , ( AE. - q's-) 1 

C = jp- exp i I 
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RT 


where A j, , q* are constants h^ =('W7 — )} ® ^ 

a ^ oc 1 


eing internal 


stress , 


3-5 SUMMARY 

The impcrtant features of each mechanisin mentioned 
earlier are tabulated in Table (l) . It would be clear that 
dynamic recovery mechanism does not involve grain size depen- 
dence of strain rate explicitly. Also the activation energy 
factor is very much stress dependent. 



more reraarkable, upon pulling at temperature near 275 
el ongations . up to 450‘:o were measured. Structural 
mo tastaorl i ty -.^/as, broadly identiried as a condition for 
such behaviour althouigh the details of any relationships 
were not vei" y closely specified. Much less concern was 
slicivn for the extensive s tret^-'hability except calling, it 
’ supex’plastic ^ . 
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Ba^^koi en e t al . were the first to concern 
themselves with the unusual tensile ductility of the 
Zn^Al eutectoid* They argued that in the absence of 
strain hardening at temperatures above 0*5 the 

superplastic behaviour could be explained in terms of 
increased strain-rate sensitivity (SRS) . To verify 
their explanations , they evaluated the SkS over a wide 
range of strain rates per min. to 1 per min.) 

through instantaneous pulling speed changes. They 
showed that the superplastic benaviour elongations 
as high as 1000^) corresponded with the strain rate 
sensitivity values^ 0.. 3- 

2 

The results of B ackof en e t al ls experiments 
(iTigure 9) indicate that ^ mP - the SRS index - varies 
continuously with strain-rate and tenpera ture . The 



more remarkaole, upon xjuliing at temperature near 275 ®C, 
elongations up to 450 p were measured. Structural 
m3 tastaoxl i ty was broadly identified as a condition, for 
such behaviour although the details of any relationships 
were not vei'y closely specified. Much less concern was 
shewn for the extensive stret^'hability except calling it 
* superplasticity* , 

Ba^^kofen e t al . were the first to concern 
themselves with the unusual tensile ductility of the 
Zn-Al eutectoid. They argued that in the absence of 
strain hardening at temperatures above 0*5 the 

superplastic r>ehaviour could be explained in terms of 
increased strain-rate sensitivity (SRS) . To verify 
their explanations . they evaluated the SkS over a wide 
range of strain rates (10^ min. to 1 per min.) 

through instantaneou s palling speed changes. They 
showed that the superplastic benaviour elongations 
as high as 1000^) corresponded with the strain rate 
sensitivity values^ 0. 3- 

2 " 

The results of Backofen e t al ls experiments 
(Figure 9) indicate that - the SRS index - varies 

continuously with strain-rate and ten^erature . The 



stress vs .■ strain rate data (Figure 10) has not been 
plotted clearly on log -log scale to clearly differentiate 
the slope of the curve into various regions. The curves 
do not indicate any sigmoidal behaviour. 

At the time when Back of en et al . reported their 

results on Zn-Al system, they did not propose any 

definitive structural mechanism for superplastic 

deformation. riowever , they suggested that the defcmia- 
53 

tion is Bingham type and diffusion controlled. 

The phenomenoi ogical importance of SRS shown by 

Backcfen et al . in Zii-Al alloy led to similar studies on 

54 55 

otlier superplastic alloys, e.g., Pb-Sn , Al~Cu eutectics, 

etc. Me significant work was reported on Zn-Al system 

4 3 5 

until 1967 when Alden , Holt*^ and Chaudhuri reported 

3 

their findings separately. Bolt investigated the 
relationship between grain boundary sliding and the 
superplastic behaviour. He was primarily checking a 
previous proposal that the high strain rate sensitivity, 
characterizing the superplastic deformation, is the 
combined result of extensive boundary sliding and 
migration processes. Holt used compression specimen 
in Instrcn rriachine to measure ' as a function of 



strain rate in the same manner as suggested by Backofen 
et al , The Iiistron tests covered a strain rate range 
oi^xlO*’ to4xl0 per minute. A gas operated testing 
machine was used to obtain data at higher strain rates 
(^4x10^ per min.). To obtain data at strain rate 

3 

<C-4xl0 per minute creep tests were carried out by 
coupressing specimen by constant load. Creep strain rate 
was measured as an average value computed by dividing 
strain at the end of the test by loading time. Metal- 
lographic technique was used to measure the contribution 
of grain boundary shear to total strain. 

Metallographic measurements indicated that^ at 
* * * 

250^C, /t, where is strain rate due to GBS and f 

is the total strain rate, was low at both high and low 

strain rates but reaches a maximum, estimated as 6ofo at 

-3 

an intermediate rate of 5x10 per min. There was a wide 
scatter in the results. Rate sensitivity, as measured 
by , followed the same trend as HE* strain 

rate - the maximum occurring at approximately the same 
strain rate in both the cases. 

Log-log plots for ’S" ys.^ , for various grain 
sizes and at 250^C, from Holtzs data (Figure 11) indicate 



trends towards sigiiioidai nature of tiie plot as in case of 
rb-Sn eutectic alley. Tde variation of with strain 

rate was found to be continously (Fi-gure 12) changing. 

The stress, ys . grain size L, at different constant 
strain rates- cross plots frofri ^ vs . curves- indicated 

that in an expressioncS^c?/' L , ’a^ varies from 0*7 Q-t 

^ 1 2 , 

^ = IG" /min. to 1.2 at £ = lo"" /min. Above 5x10 /min. 

strain rate, grain size depanderxce on strain rate was 

negligible . 

From Holtzs results it is clear that grain boundary 
sliding plays an very significant role over a certain range 
of strain rates. As for the data on jrs . c ? the 
accuracy of the results is very much questionable for two 
reasons: (i) the inhomogeneous deformation of the test 
specimen (bulging) during testing, (ii) the crude way of 
determining the strain rates during creep testing. 

Further, there is room to believe for want of specific 
observation otherwise ^ that structure (grain size) would 
have changed during the creep j>ericd affecting the 
strain rates. This is so because the annealing tempera- 
ture prior to testing and the “lest temperature for creep 
tests are the same, viz., 



At almost the same period as Holt ( 1967)1 
5 

Chaudhuri reported the findings of his work on the 
Zii-Al Gutectoid system* He carried out tensile creep 
tests on tne alloy and measured the temperature depen-, 
dence of the steady state strain rate in terms of 
activation energies over a wide range of temperatures* 

He found tnat the activation energy was temperature 
dependent; the values of 35*3j:1.0 Kcal/g. atom and 
21 .0_+1 .0 Kcal/g. atom, for temperatures of deformation 
above 200*^C and below 175 ^C respectively, were reported* 
Further, his results indicated that the temperature 
compensated strain rate .vs » stress plot had constant 
slope over a wide range of strain rates (Figure 13) 
indicating that SR3 (or could be constant over a 

range of strain rates. He showed that Mr ^ was dependent 
on grain size* Grain growth was reported during creep 
deformation, making the results of stress vs. strain 
rate of questionable validity. Eis experiments had the 
same drawback as those of Holt - of not stabilizing the 
grain size at higher annealing temperature than the one 
used for testing. However, the constancy of over 

a wide range of strain rates was of considerable 
importance from the standpoint of mechanism. X-ray 



and metal lographic evidence by Cliaudhari showed that the 
two phases in the Zn-Al eutectoid remain equiaxed even 
after considerable deforaiation in the so-called super- 
plastic range. No preferred orientation was developed. 

Nearly at the same time when Chaudhari reported 

ni s f inding s , A1 den al s o r ep or t ed t he f ind ing s on th e 

* 

system (Figure 14) . The log-log plot of iJ" ys . shows 

a ccnsiderable x^egion cf nearly same slope ofr^O.5- The 
slope varied little with the grain size. No sigmoidal 

m 

nature was reported; instead the log-log plot of Cr'(^ ) 
shows definite trends towards higher values at lower 

strain rates (Figure 1 5) . 

In spite of the extensive work on various super- 

plastic systems, there was no agreed theory to explain 

the structural basis of the superplastic behaviour. Ball 
6 4 

Hutchison , just like Alden , argued that the maximum 
observed value of ’ oP , at temperatures just below the 
eutectcid or eutectic temperatures, consistently 
approached 0.5- Therefore, there should be a distinct 
mechanism operating during the superplastic deformation. 
To confirm the values cf they conducted tensile 

tests in the Instron Oiachine on Zn-Al eutectoid. Optical 



and electron microscopic studies of the structural chaiiges 
were also carried out. Following were the important 
results ; 

Stress vs. Temperature (t) - at constant 

strain rate: 

An approximately lineair relationship between logC^ 

'I 

and ~ (Figure 16) exists; the slopes of the curves are 
independent of grain size. 

Stress vs . Stx'ain-rate 

The variation of log with log is linear at 
lower strain rates but curves over at higher rates 
(Figure 18) . The slopve of the linear region approaches 
0*5 • The slope is constant over a wide range of strain 
rates and is independent of grain size. 

Stress vs. Grain Size (l) - at constant strain rate 

A linear relationship exists and the slope of 1 is 
appr oac hed ( F igur el? ) • 

The activation energy, as measured from the slope 
of log 6^X5* plots, was found to be:>-^,0•67 eV (^l6 Seal/ 

mol) in the region of si op e,-.- 0.5 on log <5^ vs. log £. The 
value is close to the activation energies for grain boundary 
diffusion in Zinc fvO .63 ©V) and A1 P'0.73 ©V) , estimated 
by taking half the bulk self-diffusion values. 



Tile results an log stress vs - log strain rate closely 
indicate an extensive region of strain rates over which * mi 
remains nearly (^0.5) const-ant. The nature of the curve 

is not sigmoidal. Zicwever , there is not enough data 

* 

below £ of 1 g” /min. to clearly indicate any trends. 

Further significant fact is that there is very little 
change of ’ md with temperature. 

There is an apparent conflict between the results 
of Ball and Eutchison and Alden on the one side and those 
of Holt and Backcfen on the other. It clearly indicates 
a need to r einves t igate the Zn^Al eutectoid system and 
resolve the conflicting claims. Especially, data at lower 
strain rates need to be obtained to clearly indicate the 
trends in log g . These, in turn, would throw 

a light on the mechanisms underlying the deformation of 
Zn-Al eutectoid. It is also necessary to resolve the 
conflicting claims about the activatico values over various 
strain rate regions. It would act as a confirmatory test 


on t he mechani sms of def or ma t i on . 



CHAPTER ^ 5 


THEOEIETICAL MCDELS F€R SUPERPLASTIC BEEA¥IuUR 

In order to understand tlie conclusions, drawn from 
the present investigations, regarding the mecnanisms 
controlling the behaviour of Zn-Al eutectoid at high 
temperatures, it would be proper to examine the theoretical 
models proposed to explain the superplastic behaviour of 
Zn-Al and other similar alloys. 

There are several models proposed to explain the 
structural basis of superplasticity . All of them agree 
over one fact that trie deformation is thermally activated 
and diffusion plays an important role. The theories can 
also be categorized into three groups, viz., 

( i) theories based on Diffusional flow of vacancies 

(ii) theories based on Grain boundary sliding 

(iii) theories based on Dynamic recovery process. 

5.1 GRdJP I -■ THEORIES BASED CM DIFFUSIQMAL FLG¥ OF 

VACANCIES 

5h 

Avery and Backofen suggested a mul timechariism 
process whicn combined Nabarro Creep and Dislocation climb 
controlled creep - both controlled by diffusional flow of 
vacancies. They argued that the strain rate was a combined 



result of bo til trie creep mec nan isms | Nabarro creep 
pr edomiiiating at lower stresses and dislocation climb 
creep at tbe higher stresses. The creep rate, in that 
case, was given by 

9 __ 

c= -f 3 sinhp::Cr^ (5*1) 

d 

where A, 3 and P are constants; A containing the activa- 
tion term. Here the first term represents Nabarro creep 
mecnanisi:: and the second term refers to climb controlled 
creep * 

There is a poor agreement between the experimental 
strain rates and the theoretical rates calculated from the 
equation (5*1) given by Hackofen et al . Actaal rates are 
much higher than the predicted. Further, the expression 
predicts ^ value of unity at low strain rates; however, 
Backofen et al ls data indicated a value of cA for at 

lower stresses. 

In order to overcome the objections put by sigmoidal 

a. *55 

nature of the log log^, plots, Avery and Backofen 

and others^^^^'^ suggested further modification to their 
equation (5*3) . They introduced a term called effective 
stress, ? where was the back stress, replacing 

from the equation (5-^) by term. 



At the present state of undet standing , the origin 


of only speculative. Only recently it has been 

recognized by Lifshitz Gibbs and Harris"^ that in 

order to maintain specimen coherency polycrystals deforming 

by diffusional flow must necessarily be accompanied by GBS, 

This would suggest that ^ may be related to the low rate 

o 

sensitivity grain boundary resistance. 

Avery and Stuart^*^ have proposed mechanical fibring 
at the boundaries preventing sliding to take place to 
accoiniTiodate the deformation produced by diffusional flow, 
however, they iiave no evidence for fibring. 

59 

Further, it nas been currently proposed that GBS 
is controlled by the movements of special grain boundary 
dislocations (GBD) just like the lattice dislocations. 

Now, for the movement of G3Ds, one can imagine a charac- 
teristic threshold stress, called ^boundary flow stress’ 
just like the one for lattice dislocations. This boundary 
flow stress below which sliding cannot occur by grain 

boundary dislocation movement rmay give rise to 6 ^^* 

An 

Jones and Johnson replaced the first term in the 
equation (5.1) by that for Coble mechanism expression. 

The reformulated expression was 



(5.2) 


A ‘ 

h = — 7 ^ + 3 sinh 

There vvas in improved agreement at lower stresses, 
between experiment ai values and those calculated from the 
equation (5*^)* iicwever , the objection for at lower 

stresses remained . 

Packer and Sheroy^^^ obtained further improvement 
between strain rates as calculated and those obtained 
experimentally over the entire range of stress levels by 
substituting the second term in the equation (5*T) by 
Weertman’ s creep rate equation, suggesting Weertman 
mechanism (viz., viscous glide) contr oiling the flow at 
higher stresses :uid Coble mecaanism operating at lower 
stresses. The modified equation was 



All these expressions for the strain rate indicate 
clearly that vacancy raigration creep is a dominant aiechanism 
in the deformation behaviour of Zn-Al or other superplastic 
alloys. This is specially true at lower stresses and it is 
highly probable that the rate controlling deformation 
mechanism in materials with the characteristic fine grained 
structure would be either lattice or grain boundary diffusion. 



Any back stress phenomenon may be a transitional behaviour 


5.2 GROUP II - THEORIES BASED ON GRAE'^I BOUNDARY SLIDllK 

(GBS) 

38 

Gifkin ^as the Pirst to propose a model based on 
G3S. According to him the strain rate over the superplastic 
region was given by 


C 




( 5 . 4 ) 


_ constant _ . . ^-3 . 

wnere - 7 ^ . The expression gives a d depen- 


dence and a stress dependence of unity of the strain rate 
which conflicts with some of the observations. 


Ball and Hutchison proposed a model where the 
strain rate was mainly given by GBS where dislocation- 
climb controlled mechanism acted as an accommodation 
process. They argued that groups of suitably aligned grain 
slide over each other. Certain grains that obstruct the easy 
relative motion yield under resulting stress concentration* 
Under superplastic conditions, dislocations traverse such 
yielded grains and pile up at grain boundaries until their 
back stress prevents the boundary sliding. The high stress 
at the head of the pile up causes accelerated diffusion and 
dislocations rapidly escape by climb into and along grain 
boundaries. The strain rate is given by an expression 



( 5 . 5 ) 


S: = exp I -U/kT ^ 

d 


Wiiere U =: activation energy for grain boundary diffusion 
and i:.. is a constant, 

(■, 2 

Iviukherjee^ nas given an expression, based on GBS as 
the principal mode of def oririation , similar to that derived 
by Ball and Hutchison. The only difference is the value 
of constant K, ¥hereas Ball and Hutchison give a value of 
50 to 100, Mukherjee gives value of 2. The other difference 
is that the neighbouring grains need not have to slide as 
groups as envisioned in Ball and Hutchison model, 

^ o 

Alden has proposed a qualitative model based on 

GBS and dislocation climb controlled creep. There it is 

suggested that superpiasticity occurs while changing the 

deformation behaviour iron GBS controlled mechanism to 

64 

dislocation-climb controlled process. Hart proposed a 
model, supporting Alden, in terms of continuum mechanics. 
However , it does not explain grain size dependence of 

{ £ ) relationship and the spread of superplastic region 
over a wide strain rate range, as reported by Ball and 
Hu tchison. 


5 * 3 . CHIOUP III - THEORIES BASED ON DYNAMIC REG G¥ERY 


Investigations which indicate that the superplastic 



state involves process of continuous recovery have been 


mainly qualitative and rely chiefly on metallographic 

65 

evidence. Kyden proposed that hott’s expression for 
recovery creep analysis, 

£ = exp f- (5.6) 

H ' RT J 

applies to super plastic behaviour. However, this does not 
satisfy all the factors involved in the experimental 
cb ser va t ion s , 


A continuous recovery mechanism and a relation 

between stress and strain rate, similar to equation 

was proposed by Packer^^ in wiiicn the first term is replaced 
. 2 

— 1-_ 0xp • The factor i exp(-^//f^) ( where * 

d"^ • ^ ‘ 

is a constant, is indicated to decrease the efficiency or 

extent of the recry stailization process at low stress ■rt^nere 

the energy input is low. It is not clear in what manner the 

term |^exp(- ) | reflects the fraction of the material 


r eery stalliz ing . And it is very difficult to see recovery 
operating at such low strain rates. 

Johnson et al , ' evolved a model combining inter- 

granular deformation (perhaps GBS) followed by recrystal- 
lization. Tiiree objections cast doubts about this model. 
First, there is no periodic fluctuation in the flow stress 
during the superplastic floi-^/ as vjould be expected if 



I'epeated recrystallization occurred. Secondly, in high 
tenpera tur e creep under thermal and mechanical conditions 
similar to those required for superplastic deforiiiation no 
recry stall ozation talces place. Thirdly, no recrystalliza- 
tion is seen during the direct observation of superplastic 


5 a MODEL BASED OK DISLOCATION MECHANICS 

5 

Chaudhari proposed a model based on an analysis of 
dislocation mechanics in which dislocation velocity is 
controlled by the motion of jogged screw dislocations and 
an expression is derived having the form 

<5“ = B exp +0 exp ° (5.7) 

where B and C are functions of grain size, and a and 
c have values of 0.1? - 0.20 and 0.46 - 0*50 ^ respectively, 
the last constant being identified with conventional SRS 
(m) at strain rates of the order of 10 sec , where 
superplastic flow was observed. At slower strain rates 
flow is non- superplastic and the first term in the equation 
pr edominates . The validity of this model is questionable 
since it is not consistent with the metallogxaphic observa- 
tions of negligible changes under superplastic conditions. 



5.5 GENERAL REMARKS' ON THEORIES 


The cases for the individual models are equivocal. 
Nevertheless the bulk of the evidence suggests that grain 
boundaries are the significant structural elements. Large 
amounts of GBS have been observed experimentally both 
directly and indirectly - as a result of grain boundary 
displacements. Furthermore, direct evidence has been 
provided that there is considerable diffusion in the 
boundaries during superplastic deformation and Morrison 
nas shown that alloying elements which enhance diffusion 
also enhance superplastic behaviour. 

It is reasonable to suggest that superplastic 

deformation is more closely related to creep Decause of 

relatively low stresses and low rates of straining as 

compared to those in Hot working. Recovery models cannot 

be brought into consideration to explain the behaviour. 

22 

Goble creep should play an important role in the 
deformation. 

In the recent analysis of the data on Zn-Al eutectoid 

7 

and Pb-Sn eutectic alloys by Bird, Mukher jee and Dorn , it 

was indicated that strain rates could be Eiore satisfactorily 

2 —2 

correlated with ^ and d during the superplastre 
region of deformation. Such a correlation suggested that 



the strain rate could be g^iven by (expression similar to 
those on creep) 



reemphasizing the importance of grain boundatry diffusion. 

Trie equation is essentially the same as that given by Ball 
6 22 

and nutchison . Coble mechanism is proposed to operate 
at very low strain rates which appears to be hignly 
probable than any back-stress formulation. 



CHAPTER _ 6 


EXPERIMENTAL PROCEDURE 


6 . 1 MATERIALS PREPARATION 

Zinc and Alluminium, botH of 99*999^ purity, were 
melted together in graphite crusibles in a vacuum induc- 
tion unit to give an ^proximate composition of 78 wt % Zn 
and 22 wt ^ Aluminium. The final analysis of the alloy 
is given in the Table II. 

The alloy was cast into water cooled copper molds 
of 1.25 in. internal diameter. The ingots were hot rolled 
at 320®C to 7/8 in. square rods. Mechanical test samples 
were machined out of the rolled products to the specific 
dimensions. Subsequently the samples were heat treated. 

6.2 SAMPLE SHAPE AND SIZE 

Double shear specimens of the shape shown in 
Figure I 9 were used for all mechanical tests. This kind 
of specimen shape gives two advantages, (i) the nature of 
stress developed in such a sample is pur e shear , ( ii) the 
stress remains constant over the cross-section bearing 
the load since the area of the sample does not change 
during the test deformation. 



This kind of specimens were successfully by Dorn 
and his coworkers and have been recommended for constant 
stress creep tests • 

6.3 HEAT-^^IREATkiCNT OF THE MATERIAL 

The samples, after machining to the required 
dimensions, were given three heat- treatments • 

( i) Homogenization 
( i i ) Qu enc h ing 

and ( i ii ) Anneal ing . 

The samples were first given the homogenization 
treatment for 2o hours at 375'^C. This was done with the 
purpose of levelling any compositional and structural 
iniiomogeneities that may be introduced due to prior 
treatment . Heating for homogenization was carried put 
under argon atmosphere in a tube furnace with a Tloneyw^H 
temperature controller. precaution was taken to measure 
the actual temperature of the sample by providing a 
standardized chrome t-alurael thermocouple very near the 
sample. The samples were suspended in the furnace by 
molybdenum wires. 

Homogenization was followed by quenching the speci 
from 375'^C into an ice-water bath at 0^’C. 



The quenched samples were then given an annealing 
treatment to obtain various grain sizes. Annealing 
consisted of heating the quenched specimen slowly to 
265°0 (just below the eutectoid temperature) and holding 
it at that temperature for a specific time. Five different 
grain sizes were obtained by annealing for 5 different 
times, viz., 6 hours, 2 days, 2 lyeeks , 4 weeks and 5 weeks. 
Saaie furnace , as was used for homogenization, was utilized 
for annealing treatment. 

6 .4 MhCnAI-iTCAL ThSTS PROCEDURES 

Two types of tests were performed to cover a wide 
range of strain rates, viz., 

(i) Constant-stress creep test in a creep set-up 
and (ii) Instantaneous pulling-speed-ciiainge test in an 
Instron m/c creep test. 

Specimens were crept at 250°C (g:1 °C) under constant 
stress. For heating the specimen silicone-oil bath, heated 
by an electric immersion heater, was used. The temperature 
was controlled by a Honeywell controller and continuously 
recorded. The oil bath was agitated to achieve teinperature 
uniformity in the bath by bubbling argon gas through it. 
Additional thermocouples were fixed to the sides of the 



samples so as to obtain accurate record of the sample 
temperature. The temperature fluctuations were within _+loC. 

Shear displacement in the sample was continously 
recorded by using linear variable differential transf cartner . 
Creep curves were obtained to plotting displacement versus 
time curves. The straining, at a given stress, was 
continued until steady state was obtained over a considerable 
time span. The stress was then changed to a higher value 
and the test continued to a new steady state level. The 
procedure was repeated fcr 6 to 7 stress values, on the 
same sample, thus obtaining data over a wide range of 
stresses for a given grain size and temperature. Results 
were checked by another sample of the sarse grain size again. 
Creep curve for each stress level was plotted and steady 
state strain rates were determined graphically from these 
plots. 

For the determination of activation energies, changes 
in temperature at constant stress, were carried out and 
corresponding steady state strain rates were determined. 

6.5 . ra STAHTANEOU S PULL IWG -SPSCD -ChAI^'GC TFSTS 

These tests were carried out in the same way as 
suggested by Backofen et al . The procedure involved 
making sudden changes in pulling speed on an Ins tr on 



machine. Figure 2o gives a schematic diagram of the load 
time record covering a change of cross-head speed at time 
t* from V to V' . Transient hardening was eliminated 
from load comparisons by straining an additional 2 to 3^ 
at tne second speed, continuing to time ’A’ in Figure 8. 

Tne extrapolation of the lower curve in the Figure 
was carried out beyond A to 3 to establish common 

strain for both speeds. Data for loads at various strain 

-h 

rates was recorded from cross-head speed of 2 x 10 in. 
per min. to 2 in. per minute. 

6 ,'6 CREEP SYSTEM 

The creep system consisted, essentially, of three 

parts; 

1 . Heating 

2 . Sample fixture and loading 

3. Measuring and Recording 

6.6.1 Heating 

Silicone oil which could be heated safely to 350°C 
was used for heating the samples. The oil was heated by 
the immersion heater of 1K¥h capacity. It took approximately 
2 hours to bring the sample to a temperature of 250°C. The 
oil bath was agitated with the help of argon gas bubbling 



continuously. Oil bath prevented any oxidation of the 
sample . 

6.6.2 Sample Fixtures and Loading 

Split grips, as shown in Figure 22., were used. 

These were made of stainless steel. They were held in 
a cag'e (Figure 21); the central piece holding the central 
portion of the sample . The cage with the grips was attached 
to a rigid tall frame (Figure 21). 

i'iie sample was loaded through a wire rope suspended 
over two pulleys (Figure 21) . The wire rope was hooked 
witn the rod which was directly screwed into centre grip 
holding the specimen. Standard weights, for loading, were 
suspended at the loose end of the wire rope. 

6.6.3 Measuring and Recording of Strain 

The strain in the sample was measured by using a LVDT 
(Linear Variable Differential Transformer) (Figure 23) which 
measures the relative deflection of a magnetic core fitted 
to the middle tie rod. 

Briefly, a LVDT is a linear motion, electromechanical 
transducer which produces an electrical output proportional 
to the displacement of a movable core. The transformer 
consists of a primary winding and two secondary windings 



on a specially constructed bobbin. The core is a cylinder 
of ferromagnetic material which is free to move axially 
within the bore of the bobbin. When the core is at the 
neutral position of the transformer, the two secondary 
coils develop a very low combined output or null voltage. 
Movement of the core in either direction, then, produces 
an increasing voltage proportional to the distance moved. 


L VDT S'p ec if ic a t i on s : 



Sensitivity 

2 

1 


Linear Range 

: 

J: 


Linearity 

* 

Jt 


Tolerance 

: 

J: 


The LVDT was 

asseiTiDied 

a 

The 

ac output of the LVDT was 

The 

dc output 

then fed 

to 

6 .6 

.3a Calibration 

of LVDT 



.8 mV/volt-mil 

0 . 1 " 

0.17^ 

0.00001 m. 

shown in the Figure 
conditioned into dc signal, 
a chart recorder. 

ac c ompl ished by 
caliorate the output 
the core, the trans- 
The displacement 
which was accurate 


The calibration of the LVDT was 
meajis of tne micrometer assembly. To 
in terms of the distance traversed by 
former was fixed and tne core was moved, 
of tile core was measured by the micrometer 


to 0.00001" . 


This calibration was done for each creep run. 



6.7 


INSTRON MACHINE; TEST SET-UP 


The specimen assembly was done in the same grips 
as were used in the creep tests. The central grip was 
attached to the fixed cross-head of the Instron and the 
cage assembly was fastened to the moving cross-head, 

6 .8 METALL OGRAPhY 

Carbon replica technique was used to measure the 
grain size of the alloy after annealing and to record 
structural changes in the various ranges of strain rates. 
The details of the technique used are as follows. 

Saiivples were polished by emery paper upto 4/o grade 
and subsequently on dia,aond paste of 1 micron grain size. 
The samples were etched by Keller's reagent. 

The plastic replicating paper was treated with 
methyl acetate and placed on the etched face of the sample 
talcing care to prevent trapping of any air bubbles. On 
drying off of the methyl acetate, the replicating paper was 
stripped off the specimen. The above operation was 
repeated 3-^ times before a clean impression could be 
obtained on the replicating paper. The plastic replica 
was shadowed at a very narrow angle (■^4-0°) by evaporating 
carbon in a vacuum evaporating unit. The plastic base was 



tting the shadowed film 


dissolved in u.eChyl acetate oy we 

t /-Ml 4- 9 2 i houirs- slow dlis sol'll — 

iia methyl acetate for about 24 hours- 

, nocessary to avoid curling of the 

tion of plastic was necessaiy 

carbon replicas. 

ao^prmined from electron micrographs 
Grain size was determineu 

surface replicas, using the metnod of mean linear 
intercept (d) and converting to average spatial grain 

^ 1 *7 K 

diameter (d) using tne relationship d = .7. 


Table - II 


Zn 

A 1 

laipur ities 


77 .^ 5 '^ 
22 , 51 ^ 
0 ^ 05 ?^ 



CHilPTSR - 7 
.UiR xaL RESTTT . TQ 


r . 1 MICROSTOUGIURE 


As-cast structure cf the eutectoid alloy consisted 
of a typical lamellar structure of an eutectoid, with coarse 
elon,;ut<:)d t'.raxns of second phase dispersed in the matrix 
in ai tomato layer from (Figure 24 ), The dark etching phase 
is Zinc rich solid solution (^) and the li^ht etching phase 


A-lmwAniurii hoI id solution (oC) 


On quejiching i‘ro,u single phase region, an extremely 
fine grained structure was obtained (Figure 25) with a 
grain aizo<Co.') m, Annealing at 265 '^C coarsened the 
structure and various ;a'’ain sizes were obtained by annealing 
for dili"orent Limes. 

7.2 GRAIN SIZE 

Foil owing graiji .sizes were obtained by annealing 


at 2650c , 


Table III 


Axinealing Time Average Grain Diameter 

(rnxcrons ^ 


6 

hours 

1 . 8 + 0.1 

25 a 

2 

days 

2.5 + 0,1 

25 b 


Contd. 

















86 


Table IH (Contd.) 


Annealing Time 

Average Grain diameter 
(microns) 

Figure 

2 

weeks 

4 + 0.2 

25 c 

4 

weeks 

4 .8 _+ 0.2 

25d 

5 

weeks 

5.5 + 0.3 

25 e 


7*3, CREEP CURVES 

In Figures 26 to 28 are given the creep curves Tor a 
grain size ,oT kj m. There is slight primary region indicated 
at certain stresses. Steady state followed the initial 
transient region. The data for other grain sizes are similar 
in nature (See Appendix I¥) . Steady state shear strain-rate 
(V ) was measured graphically, 

7 .^ 

( X ) CURVES 

7 .4 . 1 From Creep Test Data 

Two distinct regions are marked on log vs » log "IT 
curves (Figure 29) ^ (i) Region I with an' approximate slope 

of .1, and (ii):',. Region II .with a slope' 2.;' Tne slopes are. 
independent of grain size. The effect of grain size .is, 
merely to shift the stress level at' which the transition : 



from region I to 31 occurs. ¥ith decreasing grain size the 
stress at which the slope changes fron region I to H shifts 
to a higher value. In other words, the extent of region I 
is increased. 


7 . 4,2 From Instron Test Data 

In this case, also, two distinct regions are marked 
on log'll v£. logX curves (Figure 30) obtained from the 
Instron tests. The slope of the region at lower strain 
rates is approximately 2 and it changes to^3.5 at higher 
strain rates. 


7.4.3 Combined Plot of Oreeo and Instron Tests Data 

The region H strain rates obtained in the creep 
tests and the results of the Instron tests at lower strain 
rates overlap, thereby establishing the validity of combining 
creep test data and that obtained on Instron. 


Tne combined log 


k T 


'VS* log ( ^Figure 3"^ j 


show three distinct regions I, II and III with slopes approxi- 


mately 1 (region I), 2 (region II) and 3*5 (region III; 
respectively. These plots also show the variation of these 
regions with grain size. The slopes are independent of gram 

size . 

( See values of k, Dg, G and b used in the calculations 
in Appendix v} 
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7.5 VIRIATICM OF ¥ITH STRAIN RATE (INSTRQN DATA) 

Figure JZ shows variation of strain rate sensitivity 
index with strain rate in case of h in grain size material, 

Tnere is a region of 0.5 spread over..*^-2-| orders of magnitude. 
Simil.ar plots were obtained for v^arious other grain sizes. 

7.6 SHEAR SIRAIN RATb jr) — . GRAIM SIZD (d) AT COWSTAET '' 
, STRESS {T) 

Figures, 33 sind 3^ show ap '-r oximtely linear relation- 
ship between logl^and log (-^) in region I and II. The 

I^Gb d 

slopes are ^3 and-r ..2 respectively. These plots have been 
oDtained from Figures 

7.7 SEEAK SIRAIh RATE (V ) AND -imPERATURE (T) AT COMSTAMT 
STRESS it ) 

Approximately linear relationship is observed in all 
the three regions (Figures 35 to 37). The slopes are 
independent of grain size. The slopes in region I and XE 
are nearly same wnereas the slope in the region'lll is steeper > 
The activation energies derived from the present results are ; 
given in Table IV . 

Tab! e - IV 


Reg ion 

Activation Energy 

I 

16.2 KCal/ciol 

ii 

16.27 KCal/mol 

III 

27 ,43 rCal/mol 
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The plots, log ^ 2lS.‘ in regions II and III, are 

the cross plots from logT vs* log plots obtained sepa 
rately (Figures 38 to 4o) for various temperature and for 
various grain sizes* 

7.8 MICRO STRUG TURF AFrFR PEFCHHATICN 

There very little grain growth during the 

The ricrostructure after defor» 

proloilgea creep test^g* 

nation in region I, II and III are shown in Figures (4, to 
43 ) . There is little difference in the annealed structure 

and the deformation struoture, in region I. Jhereas in 

a. slightly bulbus indicating 

region II, the structure appears sli^n ly 

rounding of sharp edges of the grains. 

The structure after deformation in region HI shows 
distinctly elongated grains indicating transgranular 
deformation. 

7.9 SUl^MARY OF ™ ^iAIN RSSUL'^ 

.1-1- arp summarised in Table V. 

The important resul s 


Tabl e - V 


Activation 
Region Energy 

7; 16.2 RCal/mole 

3-j- 16.27 KCal/mole 

27.43 KCal/mole 


Grain size depen- 
dence of strain 
rate 


"stress depen. 
dence of 
strain rats _ 



CfiAFTEA - 8 


DISCUSSION 


IcT 

Three distinctive regions mar'lced on the log ('g — ^ 
log ( '’^/G) curve indicate clearly that there are three 
distinct a:ec:ia..^isms controlling the def oriaat ion behaviour 
in Zn-Al eutectoid - each operative over a certain strain 
rate range. Tne possible mechanisms are discussed below. 


) 


8.1 MECHANISM OF DEFdtMATION IN REXS^ION I 

Tile linearity of log vs. log v. and the slope of 

unity indicate a relationship of V ( *1^) • And the slope 

of 3 of the logOCvs {-4-\ graoh indicate a relationship 

%Gb— ^ ^ 

of i :A . Also, the activation energy obtained from 

the In vs- ^ graph, viz., 16.2? KCal/mole coctpares 

well with the activation energy for grain boundary diffu- 
sion in Zn (—14 KCal/mole) which is the principal 
component of the alloy. Thus, a relationship of the 
f-Qllowing nature describes the deformation behaviour in 
the region I. 




A(r) ( 


r^3 

d ' 


exp (- 


- AH 


gto> 


kT 


where A = constant, A = Activation Energy for Boundary 
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diffusion. Ref ora.ulatinu it in a suitable form for a given 
temperature 


-UlE_ _ 1. (iU 

gb 

where is a new constant, B , grain boundary 

-&K , 

diffasivitv; ; D exp ( |. 

I o ^ ^ k T ^ I 

k : 

The reformulated equation compared very well with 


that for Coble meciiarism of creep as r ef orimila ted by Born 


et al ^ (Ref. 7)* 


C k .T 

B . V,j b 

go 


. T 
.-i 


il 





wiiere % a constant mas a value of 

mi ^ 


48. 


Tne Figure (31) gives the comparison between the 
experimental results and theoretical predictions of Goble 
mechanism. There is a very good agreement betwee.n them, 
indicating that grain ooundary diffusion controlled mass 
transfer operates in the region I. It, thus, experimentally 
confirms the previous analysis of superplasticit^’’ data oy 
Dorn et al . They nad contended that, at low stresses, 
diffusional flow of natter, either through grain boundarxas 
or tnrough grains should maxe tne principal contribution 
to tiie strain rate. Since grain bcwnd ary diffusion rates 



are higher than the voluae diffusion rates, such high 
strain rates, as are experimentally found in the Zn-Al 
system, could be explained only on the mechanism based on 
grain boundary diffusion. Tne confirmation of the mechanism 
comes in terras of activation energy value which is close 
to that for grain boundary diffusion. 


There is an apparent conflict between the present 

results on Zn-Ar eutectoid system and those on other 

superplastic systems, e.g., Pb-Sn (Ref. 71), I-ig-Zk alloy 

(xlef. 72), in tne strain rate region indicated by region I. 

In tne latter case tne slope of tne logV vs. log 

approximates 4 to 5 instead of one as in the present 

i- crease in slope is attributed to a 

observations. me xnorease f 

possible back stress. If it is true that such a back 
Stress is really operating aiid obstructing the diffusional 

flow then its value must be extremely low in 

■ • - ^vster- As a consequence its effect is not 

Aluminiuai sysie.is. a. -i 

shown on the V ( '^) results. 

The strain rate dependence of unity on stress at 

lo» stresses levels has been previcusly observed in other 

-I- o 'b?of 26 . These were also fine grained 

■ systioHi'S i:0'0 . 

material s* 
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r&e cciicept of critical yield stress for creep rmy 
not hold good in the linc-Aluminiua; eutectoid system. 

8.2 Mi)GHAl<ISi-. OF diSF dR>iAT10.N H’? RBI ION II 

rne slope of the log V vs. log (t ) approaches t-MO 

and the slope of logi^JIvs. log (-^) approaches 2. Moreover, 

DjCb 

the activation energy of l6 .2 KCal/mol , determined experi- 
mentally, compares well rfith the activation energy for 
grain boundary diffusion in Zinc. Thus, the strain rate 

could be expressed by 

V = K (f (— 

Reformulating the expression 


y kT 
gh 


' (-f)' (1)' 


This expression compares well with that derived by 
Ball and Hutchison and that by Kukherjee^". Their models 
are based on the grain boundary sliding mode of deformation. 
The metallcgraphic evidence confirms the previous observation. 
Slight rounding off of the grains. The previous evidence 
of large GBS associated with m = 0.5 (r.e. 2 for 1/m in 
the reformulated expression) and the present results 
confirming the activation energy to be tnat for grain 
boundary diffusion makes a strong case for GBS as 



operative meclianism in toe region II, 

Tnough me .details of the Ball-Hutctiison raodel are 
not very ciesir, the basic fact remains that the grain 
boundary sliding controls the def ormation over an extensive 

range of strain rates. Unlike the suggestion by Alden and 
Kart, it is not a mere transition but a region spread over 
4 orders of magnitude. The present results are in conformity 
with tnose of 3 all-Ilutchison over similar strain rates. The 
value of the constant E' in the present case works out to 

3 

be 1.5 X 10^ which comjjares favourably with 1 x 10 given 
by Ball-Hutchison data (calculated for shear stress and 
shear strain rate relationship) . 

8 .3 M5CHAMISM OP.i£RATIHG IH REGION III 

As the stress is increased from region II to region 
jjX, tne deformation, pr edomii-antly by GBS gives wa^ to 
deformation by slip. The deformation is chiefly confined 
to the grains. The strain rate tends to be independent of 
grain size. The activation energy of 27.43 TCal/mole 
indicate volume diffusion controlled mechanism. The stress 
dependence of the strain rate is nearly 3-5 which is similar 
to that given by the glide controlled mechanism. The expre.. 


ssion for tne rate would be 
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D^Gb 


4 ” 

A (-^1 


Microstructurai changes are consistent with the proposed 
ciecnanisms in various regions. In region I, pure diffu- 
sional flow, devoid of any significant dislocation actxvity 
causes no significant change in tne annealed condition. 

In region II, since there is socie accoranodat ion needed in 
tens of dislocation motion near the grain boundaries there 
is rounding (buious) of the Zinc rich phases. In region 
transgr anular deformation involving, slip causes gra' 


el ongation . 



C ONCLU SIGNS AND RECCMMii<NDATIONS 


Following conclusions are drawn from the present 
investigation: 

1 . There are three distinct mechanisci controlling the 

-8 

deformation of Zn-Al eutectoid between 10 to 1 per 
second strain rate range. 

2. At very low strain rates (and stresses) the deformation 
IS controlled by stress directed vacancy migration 
along grain boundaries, i.e.. Coble mechanism. Tnis 
nas beer, clearly borne out, for the first time, both 
in terms of activation energy for defer n^ation and grain 

size dependence. 

3. Beyond the Coble-mechanista controlled region, th r 

ar. extensive region over «hroh grain boundary sliding 
is the principal mode of deformation. It is grain 
boundary diffusion controlled. It is not a mere transi 
tion region between two modes of deformation. 
k. The grain side depende.ooe of strain rate was confirmed 
to be '2' in the region II which coincides with the sc 

called superplastic strain rate range. 
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5. The deformation in tne high strain rate range xs nearly 
iiidependent of the grain size and the mode of deforma- 
tion is dislocation motion controlled creep thrcmgh 
the grains. 

aEGa^IMEHDATION S 

The present investigation establishes a definite 
need to reexamine data on other superplastic systems to 
define the relation between 'diffu sional creep, grain 
boundary sliding and the anomalous plastic behaviour, 
viz., superplasticity. 

Controlled experiments at extremely small strain 
rates per second) need to be done to explore the 

possibility of bad. stress in Zn-Al eutectoid system and 
determine the same. If there is bach stress, as reported 
by others, its origin need to be investigated thorcughly. 
proper understanding of the origin of back stress would be 
of tremendous consequence in controlling creep behaviour of 


materials 
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APPENDIX - I 


MATiaiALS EXiilBIXING SIHUCTURAL SUPERPLASTICITY 


Base Metal 

A1 1 oy ing El emen t s 

Grain 

size 

Temperature 
= C 

Aiaminlaui 

33 Cu 

1-2 

440-530 


12 5 ;4 Cu 

- 

500 

Cadmium 

26 Zn 

1 -2 

2 c 

Gbromium 

4c Ru 

- 

1280 

C obai t 

1G A1 

0.4 

1200 

C opp er 

10 Mg 

... 

700 


1C-12 A1 


500 


10 Ai : 4 Fe 

— 

500 


38-50 Zn 

- 

450-650 

Iron 

0. l4 C : 1 .2 Mn : 0.5 P 
0. 1 V 

2 

900 


0.34c ; 0.47Mn ; 2 .0 Al 

2 

900 


0.42C : 1,9 Wn 

1 -2 

730 


26 Cr ; 6 .5 Ni ) 

30 Cr ; 6 .0 Ni ) 

2 

870-980 

Lead 

2 0 Sn 

3 

20 


5 Cd 

4 

0 

Magnesium 

0.5 Zr 

20 

500 

6 Zn : 0.0 Zr 

0.5 

270-310 


23 Ni 

3C Cu 

33 Al 


450 

450 

4oo 

M iekel 

nil 

8 

820 


39 Cr : £ Fe : 2 Ti 

2 

980 

Tin 

5 Bi 

1 

20 


2-38 Pb 

1 -2 

20 


33 Cd 

1 -2 

20 





Base Metal Allo\'’ing Eleiflents Grain, size Temperature 

oC ^ 


Titanium 

6 A1 h 7 

6 

900-980 


5 Al ; 2.5 Sn 

18 

1000 

Z i.iG 

nix 

1-2 

0-20 


0.5 Al 

1-2 

20 


5 Al 

1 -2 

200-360 


22 -1 

1-2 

200-260 


k o Al 

1-10 

250 


2 ire oniuDi 


Z iryal oy-4 


12 


900 




J^PiSMDIX - II 


PSI;KOIVxSNQLCX:^ICAL. EXF^LAHATIOM OF SJFZIIPLASTIC 3EHA¥ICUR , 

It is necessary to examiiie briefly tiie ii:echanics of 
stable flow under tensile forces in order to intrcxiuce tlie 
parameter of strain rate sensitivity (SRS) - Tlie explanation 
follows that given by Backofen et al ^ 

A ductile rraterial when stretched by a tensile fcarce 
can deform uniformly only while stable flow occurs (homo- 
geneous deformation) . The limit of the stable flow is marked 
by the onset of geometrical instability - sudden concentra- 
tion of def or Elation at point - called necking. 

Necking generally occurs in a material elongated 
under tensile load. Because' V = A.l is fixed during .plastic 
deformat ion 9 an incr eiiiental extension, 1, may be offset oy 
incremental area reduction, dA, to insure 

Sv = Adi + 1<5 a = 0 ,;i) 

6 1 ^A i-i 

or — = _ — = d C 

wnic^i defines an increment of true strain €. - Tii® area 
reduction can have two effects 

1. It causes a loss in load carrying ability of an amount 
A, where (5“* is the prevailing tensile flow stress 



when S A 


occur s 


Rate of loss = ^ 

o A 

It may also cause increased load carrying capacity if 


strain hardening occurs, i.e. 


dg- 

d€ 


> 0 


Now, to avoid microscopic necking, the incipient neck 


snould not grow, so 


The usual 'exhaustion' of the strain hardening capacity 


in metals is responsible for a 

dC" 




to fall as S increases and 


nacki.ig would begin when — 

In more general terms, is a function of many 
variaoles P-T, V J i2) 

9 

where € is strain, S = strain rate, T = Absolute temperature 

of deformation and surface energy 

Differentiating 

d<r ^ _dT_, ( 3 ) 

This means that strain induced hardening to counteract neck 
formation aay have multiple origins; metallurgical cold 'work 
(i,e., strain hardening) , and increase in strain rate, a drop 
in teiBperatur e , or a rase in surface energy. The one to- 
predominate determines many details of normal material 


behaviour . 



in superplastxc phenomenon, contribution from^ 


At temperatures above 0*5 Ts'n sure the teiaperatur es 

' — 0' and 

c., 

the second teriri. in the et^ation ( 5 ) becomes more important: 
in other words tne strain rate sensitivity ) • 


A convenient ^ relationship is |5^ = Kg. , in which 
m is a very useful index of strain rate sensitivity given by 
m n:= d log /d log 


M ow , “ = 

A 


= 


m 


— 


where P = lead, A = Area of cross-section. 


At axiy point along a rod in tension 


Combining 


c _ _il _L 

- 1 t 

\ 'j and ( ) 


1 dA __ /«■> 

■ A dt 

dA V® r 1 "1 

~ dt “ A L ^ T -m J' 


As long as ai is ^ > the smaller the cross-section 
the more rapidly it is reduced. As m approaches 1 , the 
reduction rate at all cross-sections approaches a common 

^ dA = 

level. ^hen m=1 , the flow is Newtonian viscous and i 
independent of A, so tnat any cross-sectional irregularities 
are simply preserved during pulling. 

In a superplastic metal, where m is high but » 

this effect still exists. In a nonsuperplastic material in 
which m is always <^0.2, a pronounced cnange in cross- 



sectioil (neck) occurs "where the area is .a and stress 

higher thctn elsewhere* Any local stress increase in. the, 
superplastic nietal produces only sniall change in strain rate 
and consequently sucii regions tend to deforiii at a rate not 
signif icantly different from the rest of the specimen and a 
very much extendeo^ version of a neck results* This effect , 
makes it appear almost as if the specim.eri was not necking, 
at all* 



APPENDIX - III 

EXPIKIMEHTAL TECHNIQUES LEADIMG TO ,3£TiiRMINATI0K 
OF THE .OeSER¥ED ACTIVATION ENERGIES 


Principally, there are three different types of 
tests -which are usually eiaployed to deteriiiiiie the actiira- 
tion energy for creep 


1 Isothermal tests 

Here the temperature and stress are held constant* 

^ ^ ci£ . 

From grapiiical de teruiination , the value of 
o'otained for constant value of the strain from £ ys* t 
plot* A mettiod of treating the derived strain rate data 
arises from the c Oiisideration. of the general rate equation 


A’ f{<r) exiJ £= constant 


or 


In g = In a' + In C I ~ 


A H 
RT 


Differentiating with respect to (-7^) gives 


B In 


for C £ = constant 
R } 

constant 


I 


u 


Graphical solution involves the use of seiiiilogar ithmic 


pi ot of 1 og 


ag a in s t the r ec ipr oc al of t he ab s ol u t e 





temperature for constaat values of the applied stress and 
initial structure* 

2 . Incremental Loading- Creep Tests 

111 these tests, the stress is increased, starting 
from zero, in Sii.ali but sudden increments Since the tests 
are performed at constant temperatures, the strain rates 
just before .and immediately after each stress change are 
observed, to evaluate the creep rate at the mean value of 
the applied stress. The activation energy is then evaluated 
from an appropriate cross-plot of strain rates and the 
reciprocal of the temperature at constant value of stress. 

3 . Change of Slope Method 

Tnese tests involve making an abrupt change In. the 
test temperature durin,, a constant stress or constant^load 
creep test. Th.is technique is known as ’Differential 
temperature creep testing’ . The abrupt changes in tempera— 
ture cause appropriate cnanges in the creep rate. The 
substructure is assumed to be identical just preceding and 
iiiiiied.iately following such, abrupt changes in temperature. 
S.inc0 the stress iS' effectively the same just before aii.d. , 
immediately following the change in temperature, the change 
in creep rate mist be exclusively attributed to the imposed 
temperature change . Assuming, a single activat.ion .process , 




the creep rate S -j f C 2 preceding and imEediately 

following an, abrupt change in temperature T to T 2 =1" + 
are related, by 


.A ( £.H (T^)) 

^ 1 1 RT, " 

* 

. f 

= £2 ;■ 

AH (T 2 )[ 

j 

^2 

iiH (xp 

Ah (T2) 

R In - 1 — 

e 1 


" ^2 


d ( A H/T) 

d (1/T) 

A (4-) 


z: iii H (":=r“ - 

4 -) 

^2 


so that ■ * 



AI'PiKDIX - IV 


CAJEP TEST hlil) IHSIHOS T£ST DATA FCR GRAIN SIZES 
1.8, 2.5, 4.8 and 5-5 MICRON GRAIN SIZES 


Table - VI 


Creep Test Data for ,1 Grain Size 


Temp er a tur e , 
OK 


Shear 

Stress (T ) 
Ib/in^ 


Slope oT Shear Strain 

steady state rate ) t 

region., in/min . per second* 


523 

2 .27 

8-22 

X 

10 -^ 

1 .09 X 

io-« 

523 

10.91 

2 .66 

X 

0 

1 

3.55 X 


523 

24 .5 

0 

0 

« 

X 

10 "^ 

5 .C 05 X 

10 "^ 

523 

56 .2 

9.8 

X 

10"^ 

1 .3^ X 

10*5 

523 

179 

7.9 

X 

0 

1 

1 .o 4 X 

10 *^ 


* ^ Slope 

Gauge length (l/8 in) x 6o 


f 


per second. 




Instron Test Jata for 1.8/<m Grain Size 


feoiperature , 

°Il 


Cross Head Shear strain rate Shear 

Speed, ( "V ) j second* Stress ( T*) 

in/min lb/ in^ 


523 

2 

X 

to 


2 

.66 

X 

to' 

-5 

7 

.8 X 

to^ 

523 

2 

X ' 

to 

-3 

2 

.66 

X 

to 

-4 

2 

.6 X 

to" 

523 

1 

X 

to 

~2 

1 

.33 

X 

to 

-3 

6 

X 

to" 

523 

5 

X 

to 

-2 

6 

.66 

X 

to 

-3 

1 

.35 s:tO^ 

523 

1 

X 

10 


1 

.33 

X 

to 

-2 

1 

.850x10^ 

523 

5 

X 

to 

-1 

6 

.66 

:x 

to 

-2 

h 

.4 X 

to^ 

523 

1 

X 

to* 

3 

1 

.33 

X 

to 

-1 

5 

.7 X 

10^ 


* 



Cross Head Speed 

Grain length (l/8 in) x 6o ’ 


per second 




Table - VIII 


Creep Test Data for 2 . 5 /^-Oi Grain Size 


Temperature 

°K 

Shear Stress 

( T ) , lb/ in^ 

Slope of Steady 
state region, 
in/min . 

Shear Strain 
rate ( i' } , 
per second* 

522 

4.5^ 

5 X 10”^ 

6.66 X 

522 

22 .6 

1 *66 X 

2 .2 X 10”^ 

522 

46 .72 

4 . i 66 X 10 

6.1 X 10 ^ 

522 

89 .4 

-4 

1 .2 X 10 

1 .6 X 10“^ 

522 

131.5 

-4 

'2.85 X 10 ^ 

3.8 X 10"^ 


* 


V 


SI ope 

Gauge length ( 1/8 in) x 6o 


per second 



Table 


IX 


ijastron Test Jata tor 2.^U <n Grain Size 



TeiiTserature Crosv? Head Shear Strain Rate Shear Stress 

Speed {‘^)» P®^ second* ( "C ) » Ib/in^ 

in/ IB in 


522 

2 

X 

0 

1 

2 .66 

X 

to ^ 

1 .01 

X 

, 2 
10 

522 

5 

X 

10"^ 

6 .66 

X 

_5 

10 

1 .71 

X 

2 

10 

522 

1 

X 

10 "^ 

1 .33 

X 

10'^ 

2 .42 

X 

-,^2 

10 

522 

5 

X 

io ~^ 

6.66 

X 

10 "^ 

5.25 

X 

10 ^ 

522 

1 

X 

10“^ 

1 .33 

X 

10 "^ 

7.52 

X 

10 ^ 

522 

1 

X 

10"^ 

1 .33 

X. 

10'^ 

2 .42 

X 

10 ^ 

522 

5 

X 


6 .66 

X 

10 "^ 

4.505 

3 

X 10“^ 

522 

1 

X 

10° 

1 .33 

X 

10 "^ 

5.8 

X 

3 

10"^ 


" V = 


Cross Head Speed* 

: — rrrjT ; — : — i zz: t secoaad 

Gauge lengtn (1/8 m) x 60 


Tabl e 


X 


Creep Test Data for 4^8/4, hi Grain. 'Size 


Temp er a tur e , 
°K 

Shear Stress 
(1 ), lb/in 2 

Slope of Steady 
state region, 
in/ min 

Shear strain 

rate ( Y* ) , 
per second* 

523 

2 . 56 

4,166 X 10~^ 

5.56 X 10”^ 

522 

1 1 .2 

1.2 5 X 10"’ 

1 .77 X 10 '^ 

522 

19 .2 

2.1 X 10"^ 

2.8 X 10'^ 

522 

31 .5 

5.7 X 10" 

7 .6 X 10'^ 

522 

56 .2 

1.35 X 10"^ 

0 -'6 

1 .8 X 10 

522 

96 .k 

8.7 X 10"^ 

1.16 X 10*"'^ 

522 

137 .2 

9.6 X 10'^ 

1 .28 X 10~^ 

522 

185.3 

-4 

1.9x10 

2.53 X lO'^ 

522 

229.2 

-4 

2.9 X 10 

3.86 X 10"^ 


* Slope 

Gauge length (1/8 in) x 6o ’ 


per second. 


Table - XI 


Instron Test Jata for k Grain Size 

7-— — 


Temperature , 

<^ 1 :, 


Cross Head 
Speed , 
iu/iriin . 


Shear strain rate .Shear Stress 
( S; ) , per second"^ ( "T ) , Ih/ in^ 


522 

2 

X 

10"^ 

2 .66 

X 

-5 

10 ^ 

2.05 

'X 

10 ^ 

522 

2 

X 

10-3 

2 .66 

X 


6 .95 

X 

10^ 

522 

5 

X 

10-3 

6 .66 

X 

10-" 

9.82 

X 

10" 

523 

1 

X 

10 "^ 

1 .33 

X 

10-3 

1 .31 

X 

lo 3 

523 

5 

X 

IQ-^ 

6.66 

X 

10-3 

2.46 

X 

io 3 

523 

2 

X 

IQ-^ 

2 .66 

X 

IQ-^ 

3.92 

X 

io 3 

523 

5 

X 

10 -^ 

6 ,66 

X 

IQ-^ 

6.15 

X 

io 3 


* 



Cross Head Speed. 

Gauge; length {'l/B in) x 60 ’ 


per second. 



Table - XII 


Creep Test Data for Grain Size 


Teaiperatur e 
°K 

, Snear Stress 

( T ) , Ib/in^ 

SI op e of St e ady ' 
state region, 
in/min 

Shear Strain 
:Xate (y^) 
per second* 

52 % 

3.32 

2 .42 X 1 0”^ 

3.225 X 10 ~® 

524 

11.9 

7.2 X 10 "^ 

9.6 X 10”^ 

524 

19 .2 

1.1 X 1 0 ^ 

1 .47 X 10“^ 

522 

29.2 

2 X 10"^ 

2 .66 X 10*” ^ 

522 

42.5 

4.3 X 10”^ 

5.72 X 10"^ 

522 

75.2 

1 ,66 X 1 0 ^ 

2 .2 X 10'^ 

522 

201 

8.6 X 10"^ 

1 .15 X 10~^ 

522 

360 

-4 

2.15 X 10 

2 .71 X 10"^ 

* V = 

Slope 

Gauge length (l/S 

7 — , per second. 

in) X 6c 



Table 


XIII 


Instron Test Data for 5-5M® Grain Size 



Temperature, Cross Eead Snear Strain Shear stres 

©K Epoed, in/min Date ( V ) , ( ) > lb/ in 

per second* 


522 

2 

X 

10"‘^ 

2.,66 

X 

10"^ 

3 .2 1 X 

10" 

522 

5 

X 


6 .66 

X 

10“^ 

4 .52 X 

10^ 

522 

2 

X 

10“^ 

2 .66 

X 


9.25 X 

10^ 

522 

2 

X 

10-" 

2 .66 

X 

10-3 

1 .75 X 

to 3 

522 

2 

X 

10"^ 

2 .66 

X 

10"^ 

CM 

0 

2 10^ 




t^m 


JkPPENDi:^ - V 


VALUES OF k, D , G AJID b USED IN THE 

& ■ ■■ - 

V kT 'T/ 

CALCULATION OF AI'JD VG 

€ — 


k 


G 

b 


D 


g 


R 


1 .38054 X 10"^^ joules/°K 

■ - ^ 

4.987 X 10 psi 

2.5 i (i = 10'® cm) 

Do exp (- fZkKO- 16.2 KCal/nol 

/ 16200^ / for region I and II 

0.35 exp (- ^ 

1 . 987 cal/mol . °K . 


Substituting we get: 

y HT _ 1.0908 X 10"^ (e 

DgGb 



2.04287 X 10"^ X 


16,200/1.987 X T^ X T X ’ 

(Slope or Cross Head Speed) 
in in/mt 

(stress in Ibs/in^) 


programme for calculations; 


1. 10 READ, TEPIP, SIRLSS, SLOPE.' 

2 . X = 2.04287 E - 07 * SlSESSl 

3. Y = 1 .0908E-20* EXF( 16200/(1 
h. PRINT, X, Yl 

5. GO TO 10 



APPENDIX - VI 


DATA TABLES FCR AND ( /G) FON VASIOUS 

g 

GRAIN SIZES AliD OTHER PLOTTED DATA 

TaBle - XIV 

Calculated Values of ^ and "t/G for Grain Siz e 

g 


Temp. Stress Slope V /sec . ^/G ^ kT/l^b ' 

OK Ib/in^ in/min. ______ 


523 2.27 8.22 X 10 ' 


1 .09 X 10 ' 


523 

10.91 

2 .66 X 10 ”^ 

3.55 

X 

10 "' 

523 

24 .5 

4 X 10 ~^ 

5.33 

X 

10 "* 

523 

56 .2 

—5 

9.8 X 10 

1.34 

X 

10" 

523 

179 

7.9 X 10 

1 .05 

X 

10 "' 

523 

300 

2.34 X 10 ”^ 

3 .12 

X 

10“' 

523 

5^7 

_3 

9.1 X 10 

1 .21 

X 

lo- 

523 

1850 

, -1 

1 X 10 

1.33 

X 

ro" 

523 

4210 

5 X 10 ^ 

6 .66 

X 

io" 


4.6373 X 

7 

10 -' 

2 ,7624 

X 

^ -16 
10 

_i6 

2.2288 X 

10 "° 

8.9393 

X 

10 

—6 

5.005 X 10 

1 .3442 

X 

lO-’S 

1 .1481 X 

10 "^ 

3.293^ 

X. 

10-'5 

3.6567 X 

10 "^ 

2 .6549 

X 

10 -’“ 

6 . 1 2 86 X 

10 "^ 

7.8639 

X 

10 -’“ 

1.117^ X 

0 

1 

3.0582 

X 

10"^^ 

3.7793 X 

10"^ 

3 .3606 

X 

10 -^" 

8 .6005 X 

10 "** 

1 .6803 

X 

10"^ ^ 



Table - X¥ 


Calculated -i/alues of — - 77— and ^ /Q 
B Go — - 

g 

Grain si2; e 2 . 5y*^. 


Temp . 
°K 

Stress 
lb/ in^ 

SI ope 
in/ min 

V^/sec 

t/G 

ykT/]^b 


522 

h .54 

5 X 10 "^ 

6.66 X 10"’*^ 

9,2746 X 10~^ 

1 .7279 X 

10 

522 

22 .6 

1.66 X io"^ 

2 .2 X 10"^ 

4.61 X 10”^ 

5.7368 X 

10 -’« 

522 

46 .72 

4 .l 66 x 

6.1 X 1 0 

9.5443 X 10”^ 

1 .4397 X 


522 

89.4 

_4 

1 .2 X 10 

1 .6 X 10”^ 

1 .8263 X 10"^ 

4.147 X 10 ~^^ 

522 

131 .5 

2,85 X 10 "^ 

3.8 X 10“^ 

2 .6864 X 10”^ 

9.8493 X 

-15 

10 

522 

171 

5 X 10 "^ 

6 .66 X lo~^ 

3.4933 X 10"^ 

1 .7279 X 

.„-l 4 

10 

522 

242 

-3 

1 X 10 

-4 

1 .33 X 10 

4 . 94 3 X 10 

3.4559 X 

10-'“ 

522 

525 

5 X 10“^ 

-4 

6 .66 X 10 

-h 

1 .072 X 10 

1 .7279 X 

10-^3 

522 

752 

-2 

1 X 1 0 

-3 

1 .33 X 10 

1 .5362 X 10 

3*^559 X 

, -13 
10 

522 

2420 

1 X 10"^ 

1 .33 X 10 "^ 

il, 

4.9437 X 10 

3.4559 X 

.,^-12 

10 

522 

4505 

5 X lo"^ 

6 .66 X 10”^ 

-4 

9.2031 X 10 

1.7279 X 

10 


Table - XVI 


Calculated Values of 


kT 

8 


and 


C/c 


Grain Size 


m 


Temp * S tr e s s SI op e 

ib/in^ in/min 



sec * 


T/g 


-^kT 

DGb 


521 

3.32 

8.1 

-7 

X 10 ^ 

CO 

0 

# 

X 

10-7 

6 .7823 

X 

-.7 

10 

2 .8789 

X 

■.^-17 

10 

521 

11.2 

1 .5 

X 10 “^ 

2 X 

10' 

-7 

2 .288 : 

X 

10-« 

5.3313 

X 

. -17 
10 ' 

521 

31 .5 

5.9 

X 10“^ 

7 .88 

X 

-7 

10 

6.435 

X 

10-^ 

1 i6 

2 .097 X IQ- 

521 

56.5 

1 .65 

- X 10 ~^ 

2.2 : 

X 10 ~^ 

1 .1542 

X 

10 "^ 

5.8645 

X 

10 --'^ 

521 

96. h 

6 .4 

X 10“^ 

8.55 

X 

10”^ 

1 .9693 

X 

lo"^ 

2 .2747 

X 

lO"^^ 

521 

175.2 

2 ,0 

X 10 '^ 

2 .66 

X 

10 ^^ 




7.IC85 

X 


521 

262 .0 

5 X 

10 -^ 

6 .66 

X 

-5 

10 

5.3523 

X 

10 “^ 




521 

515 

2 X 

10'^ 

2 .66 

X 

10 

1 .0521 

X 

10 "^ 

7.1085 

X 

10 -^^ 

521 

1 160 

1 X 

10 -" 

1 .66 

X 

-3 

10 

2 .3697 

X 

-4 

.10 

3.5542 

X 

-13 

10 

521 

l 48 o 

2 X 

10 "^ 

2 .66 

X 

-3 

10 

3.0234 

X 

-4 

10 

7.1085 

X 

-13 

10 

521 

2122 

5 X 

10"^ 

6 .66 

X 

lo”^ 

4.335 

X 

-4 

10 

1 .7771 

X 

. -12 
10 

521 

3510 

2 X 

10"^ 

2.66 

X 

10 '^ 

7.1705 

X 

. -4 
10 

7.1 085 

X 

. -12 
10 




1 



-2 



-4 



, -1 1 

521 

4542 

5 X 

10 

6 .66 

X 

10 

9.2787 

X 

10 

1 -7771 

X 

10 


Table - XVII 

Calculated Values of and ^/G 

DjGb 


Temp . 
°K 


Stress 

Ib/in^ 


SI ope 
in/ min 


for Grain Size 4 
'^/sec 


^kT 

DGb 


523 

2 .56 

4 . 

166 

X 

1 

0 

5 * 

56 

X 

10" 

8 

5. 

229 

X , ' 

io" 

7 

1 . 

4 X 1i 

O'* 

17 


522 

11.2 

1 . 

25 

X 

10 

-6 

1 . 

77 

X 

10" 

7 

2. 

286 X 

-6 

10 


4 . 

3198 

X 

10" 

17 

522 

19 .2 

2 . 

1 

X 

1 

0" 

6 

2 , 

,8 X 

1 

0-^ 


3 . 

922 X 

: 1^ 

-6 

D 


7. 

257 X 

, 1 

0"^ 

7 

522 

31.5 

5 . 

7 

X 

1 

0“ 

6 

7 ^ 

.6 X 

1 



6 . 

435 X 

: 1' 

o-« 


1 . 

9699 

X 

10" 

17 

522 

35.6 

6. 

0 

X 

1 

o' 

.6 

8 

X 10" 

7 


7. 

2726 

X 

10" 

6 

2 . 

0735 

X. 

ic" 

16 

522 

56 .2 

1 . 

35 

X 

-5 

10 

1 . 

.8 X 

: 1 

-6 

0 


1 . 

. 1481 

X 

10“ 

5 

4 . 

,66 54 

X 

ic" 

16 

522 

96 .4 

8 . 

7 

X 

1 

o' 

■5 

1 , 

,i6 

X 

10" 

5 

1 . 

.9693 

X 

1 C" 

5 

3. 

,0066 

X 

10" 

•15 

522 

137 .2 

9. 

6 

X 

1 

0' 

■5 

1 

.28 

X 

10" 

■5 

2 , 

.802 8 

X 

10" 

■5 

3. 

.3176 

X 

io" 

.15 

522 

185.3 

1 . 


X 

1 

o‘ 

-4 

2 

.53 

X 

10' 

■5 

3 

.785 X 1 

0-5 


6, 

, 5662 

X 

io' 

■15 

522 

229.2 

2 , 

► 9 

X 

1 

o‘ 

.4 

3 

.86 

X 

10' 

■5 

4 

.6823 

X 

lO' 

■5 

1 , 

.0022 

X 

10’ 

-14 

522 

205 

2 

X 

1 

0 ’ 

.4 


2 

.66 

X 

10‘ 

-5 

4 

.1879 

X 

10' 

■5 

6 

.9118 

X 

10* 

-15 

522 

695 

2 

X 

1 

0 " 

■3 


2 

.66 

X 

10' 

.4 

1 

.4198 

X 

10' 

.4 

6 

.9118 

X 

10' 

-l4 

522 

982 

5 

X 

1 

0 ' 

-3 


6 

.66 

X 

io' 

-4 

2 

.0061 

X 

lo' 

-4 

1 

-7279 

X 

10' 

-13 

522 

1310 

1 

X 

1 

0 ' 

.2 


1 

.66 

X 

lo' 

-3 

2 

.6762 

X 

10' 

-4 

3 

.4559 

X 

10 

-13 

522 

1702 

2 

X 

1 

o' 

.2 


2 

.66 

X 

10' 

-3 

3 

.47 7 

X 

10' 

-4 

6 

.9118 

X 

10 

-13 

522 

2k6o 

5 

X 

1 

0 ’ 

-2 


6 

.66 

X 

10 

-3 

5 

,0255 

X 

10 

-4 

1 

.7279 

X 

10 

-12 

522 

3920 

2 

X 

1 

0 

-1 


2 

.66 

X 

10 

-2 

8 

.0081 

X 

10 

-4 

6 

.9118 

X 

to 

-12 

522 

6 1 50 

5 

X 

1 

o' 

_1 


6 

.66 

X 

10 

-2 

1 

.2 56 37 X 

10 

-3 

1 

.7279 

X 

10 

-1 1 



Table - XVIII 


Calculated values of and 

D Gd — 

g 


lor Grain Size 5*5 ® 


Temp . 
°K- 

Stress 

Ib/in^ 

Slope 
in/m in 

'^/ sec . 

C/O 


VkT/l^b 

524 

3.32 

2.42 X 1 0 " ^ 

3.225 X 10“® 

6.7828 X 

-7 

10 ‘ 

18 

7,9094 X 10" 

524 

11.9 

7.2 X 10"'^ 

9.6 X lo"^"" 

, -6 

2 .431 X 10 

2 .3532 X 10"^'^ 

524 

19.2 

-6 

1.1 X 10 

1 -47 X 10"^ 

3.9223 X 

10-« 

3.5952 X lO"^"^ 

522 

29.2 

2 X 10 ^ 

2 .6 6 X 1 0 

5 . 96 52 X 

10-^ 

6 .9118 X 10"^^ 

522 

42.5 

4.3 X 10"^ 

5.72 X 10"^ 

8.6822 X 

10-" 

1 .486 X 1 0~^^ 

522 

75.2 

1 .66 X 10”^ 

-6 

2 .2 X 10 

1.5362 X 

10"^ 

5.7368 X 10"^^ 

522 

201 

8.6 X 10"^ 

1 .15 X 10"^ 

4 . 1 062 X 

-5 

10 

-1 5 

2 .9721 X 10 

522 

321 

_4 

2 X 10 

2.66 X 10"^ 

6 .5576 X 

10"^ 

6 .9118 X 10”^^ 

522 

452 

-4 

5 X 10 

6 .66 X io~^ 

9.2338 X 

10"^ 

—1 5 

1 .7279 X 10 

522 

925 

-3 

2 X 10 

_4 

2 .66 X 10 

1 .8897 X 

10 

-14 

6 .91 18 X 10 

522 

1750 

2 X 10 "^ 

-3 

2 .66 X 10 

3-575 X 

10“^ 

6 .9118 X 10"^^ 

522 

4 102 

2 X 10"^ 

2 .66 X 10 ^ 

8.3799 X 

10 "^ 

6.9118 X 10“^^ 

522 

6201 

1 

1 ,66 X 10 

1 .26678 

X 10” 

3 . . -1 1 

3.^559 X 10 


I'Qbie - XIX 


, CHS 

• 0002 
.002 
.01 
•05 

. 1 

• 5 


1 


25000 



225 °C 


Pppoc 


1750 C 


stress , lb /, n ^ 2 

“ - ss. ib/xn stress, Ih/h 


7.8 X lo^ 

2,6 X lo^ 

6 X 10^ 

1.35 X 10 ^ 
1 .85 X 10 ^ 
^ X 10 ^ 

5.7 X 10^ 


1.5 X 10 ^ 
^.5 X 10 ^ 

1 .05 X 10^ 
2 .35 X 1 o^ 

3.1 X 10^ 

6 .2 X 10 ^ 


2 .4 X 10^ 
7.1 X 10^ 

1 .48 X lo ^ 

3 .36 X 10 ^ 

4.5 X 10 ^ 

9.05 X 10 ^ 


3.7 X 10 ^ 

1 . 12 x 10 ^ 
2-5 X 10^ 
5.1 X lo ^ 

6 .7 X 10 ^ 

1.07 X 10 ^ 


9 X IQ- 


1.2 X 10 


1.55 X 10 


2 



Table jg 

Xnstron at various reiapera^tures for d=4/bm 


'cHS 

250 = C 

2 

stress, Ib/in 

22 5°e 

stress, lb/ m 

200^0 

. /. 2 

stress . lb/ xn 

1750c 

stress, lb/ in' 

.0002 

1 .45 X 10^ 

2 .3 X 10^ 

4 X 

. 2 

10 

6.05 X 10^ 

.0005 


3.7 X 10^ 

6 . 1 

2 

X 10 

9.02 X 10^ 

.002 

4,6 X 10^ 

2 

7-1 X 10 

1 .2 

3 

X 10-^ 

3 

1 .8 X 10 

.01 

3 

1 X 10“^ 

1 .45 X 10^ 

2 .5 

3 

X 10^ 

3.4 X 10^ 

.02 

.05 

1 .3 X 10^ 

1 .8 X 10^ 

2 X 10^ 

2.8 X 10^ 

3.1 

3 

X 10-^ 

4.2 X 10^ 
5.6 X 10^ 

.2 

3.5 X 10^ 

5.7 X 10^ 

4 .7 X lO^ 
8.45 X 10^ 

6.5 ^ 0^ 

1 .25 X 10 

8.5 X 10^ 

4 

1 ,44 X 10 


1 



Table - XXI 

Instron Data at Various Temperatures for 



250°C 

225=0 

200°C 

1750 c 

CHS 

Stress 

Stress 

Stress 

Stress 


Ib/in^ 

Ib/in^ 

Ib/ir? 

Ib/in^ 

.0002 

, ‘2 

3 .h X 10 

5.4 

X 10 ^ 

9-6 X 10 

1.7 X 10^ 

.0005 

4.5 X 10^ 

8 X 

10^ 

1 .5 X 10^ 

2.6 X 10^ 

.002 

2 

9.4 X 1C 

1 .6 

3 

X 10 -^ 

2.5 X 10^ 

4 X 10^ 

.02 

1 .9 X 10^ 

3 X 

10^ 

4.9 X 10^ 

7.96 X 10- 

.2 

4 X 10 ^ 

6 X 

10^ 

4 

1 X 10 

4 

1.5 X 10 


6 .5 X 10 ^ 

9.6 

3 

X 10 

4 

1 .48 X 10 

4 

2.5 X 10 


7 -98 X 10 ^ 

1 .2 

4 

X 10 

, 4 

1 .9 X 10 

2.98 X 10 


2 


Table 


XXII 


Lata for Graphs in Figure 35 
Grain size hj^m 
Temperature Slope (in/iat) 


250 °C 

1 .25 X 




2250 c 

4.8 X 

10-7 


5 lb/ in^ 

200OC 

1.8 X 

10*7 

1 d = 

4 /tm. 

175 °C 

7.4 X 

10-® 




Grain size 2 

.5 ni 



2500c 

7 .4 X 

10 "^ 



2250c 

2.8 X 

10 -" 


8 Ib/in^ 

2000c 

1 .2 X 

10-« 

l = 

2 . 5^ • 

1750c 

4.1 X 

10-7 




Tabl e 


XXIII 


Data for Grapns in Figure 36 


Grain 

size 1.8^m and ^ = 6x10^ 

Temperature 

Cross-head Speed 

in/mt. (or Slope) 

250°C 

-2 

1 X 10 

2250c 

3.65 X 10"^ 

200°C 

1 .5 X 1C"^ 

I75°c 

5 X 

Grain 

size m and ^ = 7x10 

250°C 

3.8 X 10“^ 

225CC 

1 .5 X 10"^ 

200'^C 

ii 

5.4 X 10 

175°C 

-4 

2.1 X 10 


Table - XXIV 

Da ta for Graph in Figure 37 
Grain size 5 . 5 /lm 
7.98x10^ Ib/in^ 


Temperature 

Cross-head speed 
in/mt. 

250 °C 

2 

2250G 

0.5 

2000c 

0.1 


1750c 


0.020 


